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Foreword 


This volume presents an integration of the results of the researelies spon- 
sored by the Herman Frasch Foundation for Research in Agricultural Cliem- 
istry at the Missouri Agricultural Experiment Station. The major purpose 
of these investigations was ^ make a comparati\'e study of the enei-getic 
^ efficiencies of agricultural processes, such as those concerned in the pi-oduction 
of meat, milk, eggs, and muscular work, along with tlie factors influencing these 
^ciencies. The field is a very broad one and the discussions in this volume 
range over a wide territory. The}^ include such iinj)ortant considerations as 
the energy cost of maintaining animals, of transforming feed into body tissue, 
milk, eggs, and other desired jjroducts, the relation of the speed wit h wliich the 
transformations occur to the efficiency of tlie pnx^ivss, the influence ot tlie size 
of the producing animal on the efhcienc^^and prolit of the i)rotluctive enterprise, 
and the influence of the rate of the process on the i*ate of aging. Many ot the 
factors influencing efficiency, sucli as enzymes, minerals, vitamins, aiul hor- 
mones, are analyzed, largely with the aid of a\'ailal)le literatuie. 

The broad research project, the residts of which are reported herein, was an 
institutional enterprise invoh'ing the cooperation of four department-s in the 
Missouri Agricultural Experiment Station, - Dairy Husbandry, Animal Hus- 
bandry, Poultry Husbandry, and Agricultural tIuMnistry. The chairmen of 
these respective departments — A. (\ Pagstlale, Iv A, Trowbridge, H. b. 
Kempstcr, and A. (?. Hogan— constituted the research committee, witli the 
author of this volume serving as leader. • The researcli plan was organiztHl 
under the direction of Dean F. H. Mumford, who was Directt)r of the Missouri 
Agricultural Experiment ytatit)n during most of the i)eri(Hl of this investi- 
gation. 

Many technical aspects of tins research ha\ (' been |)ublisluHl as ivsearch 
bulletins of the Missouri Station and as technical articles in scientilic journals. 
This volume brings togetlier in integraU\l form the essential mattaial incor- 
porated in these many publications, ah>ng with mucli additional mat(‘ri;tl 
brought together by the author. 

'rhe Frasch Foundation and its technical advisia-, Tlu^ Anuaican ('hemical 
Society, working through its trustiv, d'he I'nitiHl States Trust t 'oinpauy of 
New York, was reprcsentiHl on this research projirt (hiring part oi this period 
by Dr. R. W. Tluitcher, ilistinguisluHl agricultural chemist and i'n\suU®t of the 
Massachusetts State (.\)llege of Agriculture. Most of tlu' loiig-r;uige bioi ner- 
getic plans wen> formulated with Dr. rhatclier’s adviv o and Lucouragenu nt 
Following Dr. Thatcher’s deatli, this position was ably tilled by luo other 
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ropresentativcs of Land Grant C’ollcgc staffs— first, Ijy ])r. F. J. Sievers, Direc- 
tor of the Massacluisetts Agiicultural Experiment Station, and later by Dr. 
H. R. Kraybill, Head of the Department of .\gricultural Chemistry of Purdue 
L niversity. Dr. Kraybill has oi'ganized the plan through which the publica- 
tion of the book was made possible. 

d'his \-olume ])i’o\ ides an excellent example of the results of a cooperative 
effort between an important prixate Foundation interested in the field of 
agiicultuie and an ^Vgi'ieultural ]x,.\pei’iment Station associated with one of the 
Land (o-ant Colleges. The .success of this cooperatixm endeax’or in the devel- 
opment of a large x'olume of valuable re.search data and in its publication for 

general u.se, offers encouragement for similar plans of cooperation in the 
ruturc. 

The author desires to express his grateful appreciation to the Guggenheim 

Foundation for a Euroi)ean traxmling Fellowship in connection with the 
propai'ation of this \*olumo. 

M. F. Miller, Director, 
Missouri Agricultural Experiment Station 

Columbia, Mo., 

November, 1944 . 
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Chapter 1 

Introduction: Factors in the Efficiency Compl 


The situation is complicated and its difliculties are enlianced by the im- 
possibility qf saying everything at once. J. //. Woodgcr 

Ascertainable truth is piece-meal, partial, uncertain, and diflicult. 
B, Russell 


The efficiency complex involves innumerable genetic and environmental, 
as well as physiologic and economic factors. This book represents an attempt 
to integrate some physiologic and economic factors influencing efficiency with 
^cial reference to investigations with which the writer has been associated. 
Special attention is called to the operation of the princiides of diminishing 
returns, limiting factors', and organismic interrelations and comjjensations 
m'the efficiency complex. Much of the subject matter \mder consideration 
is, frankly, not applicable to the operation of an agricultural enterprise. 
But such apparently impracticable investigations are extremely important, 
partly because they “have dignified the calling of agriculture and haA’e given 
the farmer an intellectual background and basis for his thinking that cannot 
be easily measured”-. 

1.1: Efficiency and profit, immediate and long-range. The animal hus- 
bandman, by employing si)ecial techni(iues, fiiuls it possible to accelerate the 
speed of growth, milk production, egg production, and muscular work, of his 
animals. Whether this increased productivity results in greater immalintc 
energetic efficiency, of course, depends on the relative acceleration of the 
productive processes on the one hand and maintenance cost on the other. 
But supposing that an increase in immediate energetic efficiency occurs, how 
will this affect the future health, fertility, and longevity (fact()i-s in long- 
range efficiency) of the animal? How do successive production increments 
compare with successive immediate and long-range cost increments? Ob- 
viously, the efficiency complex must be viewed from four standpoints: that 
of the animal and that of the animal husbandman, that of immediate efliciency 
and that of long-range efliciency. 

'Of. Itlnckiuan, K. t'., .I'oi. > 19. (190')); l.ioltin, .b, "nic riu'inic ii\ iiircr 

Auwoiulung (luf .\ni-ikullur”, 1S7(>, 

’ Muinfoi'il, F. H., “Fifty yems tif .tniicall\ir!il Kviu'iiniciit StatiDii \\ urk". .Vddivss, 
Fiftictli .\nniv('i\sioy KxciViso.s, fnivci'.sity of Mi.ssouri, .Vnrioiillinal K\|H'nuu'nt Sta- 
tion, ('oluiul)ia, .luno 21, IttW. 
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BIOENERGETICS AND GROWTH 


Energetic efficiency is the ratio of the desired form of output energy to the 
given form of input energy. In animals, the desired form of output energy is 
milk, meat, eggs, muscular work, wool, and so on ; the input is a given category 
of feed energy, such as gross feed energy, digestible feed energy, metabolizable 
feed energy, net feed energy. Gross cffiiciency* is the percentage of the 
energy in the given feed category, inclusive of maintenance, recovered in the 
desired product ; net efficiency] is the percentage of the energy in the given 
feed category, exclusive of maintenance, recovered in the desired product. 

But the problem does not end with energetic efficiency. Monetary profit 
offers a further and ^■ery substantial complication. Two 800-lb cows produc- 
ing milk at the same energetic efficiency as one 1000-11) cow are not as profitable 
commercially. This is because the labor cost of milking, feeding, cleaning, 
housing, bookkeeping, etc., is nearly twice as great for two 800-lb cows as 
for one equally efficient. 1000-lb cow, and tlie profit will be correspondingly 
less for the two small than for the one large cow. Energetic efficiency of 
milk production is a biologic index of “dairy merit”, probably independent 
of body weight as such: rats, goats, and cows probably produce milk equally 
efficiently^ but not equally profitably (see C’hs. 3 and 22). Profit is de- 
pendent not only on energetic efficiency — a biologic characteristic — but also 
on many other factors, including labor and other o^’erhead costs per unit of 
milk production, which are in turn dependent on size of animal and other 
factors. Similar probkans are involved in producing meat, eggs, wool, 
muscular work, and so on. 

1.2 : Growth, form, and function. Growth is the basis of and closely related 
to many ])roducti\ e agricultural processes. Egg, milk, fat, and wool produc- 
tion are special types of, or clo.sely related to, growth. The function of an 
animal is, furtheiinore, related to its form, the development of which is a 
growth phenomenon. Growth, form, and function (e.g., the production of 
meat, milk, eggs) ai'e clos('ly interrelated, and special emphasis has been given 
to various aspects of growth i)henomena (Ghs. 10 to 20). 

1.3: Organizational energy or the energy expended for the “work” of 
growth and morphogenesis. One expense of the overall or gross productive 
cost is the transformation of the original feed into lh(' (inal i)rodnctive pre- 
cursors, circulating in the blood stnauu, or in t('mi)orary storage in the body. 
But there must lx* another ex|)etise, that of transforming tlie relatively simple, 
amori)hons precnr.sors, or building stones, into the complexly organized and 


dross = 


(Miorj'y (of milk, meat, work, etr.) 


( 1 - 1 ) 


input energy (of gross energy, TDN, etc.) 

'riu‘ (erm “gioss” is [tn^ferred to ‘’total” (‘flieitmcy in order to avoid the iinjdication 

th:i1 we are dt-aling willi ’■total” ein‘rgy eliaiige.s. 

, V . .1 • output energy ,, 

t .\(‘l, eflieieneV = • , . v — (1.2) 

' input energy less maintenance energy 

I lie leriii “iicl,” is prel'en'ed to "partial” heeansi' of IIk^ W(‘ll-es(ablislietl usages b)r 
■le I ” (:dl reactions alul efiieieneies arc partial). 
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thermodynamically rather improbable living organisms and related biologic 
products. This assumed energy cost of morphogenetic “work^^ may con- 
ceivably be of several different categories. Fiist comes to mind potential or 
“structured” energj^ analogous to the energy “structured” into a spring on 
winding it, or into a storage cell on cliarghag it. The biologist’s “action 
current”, and indeed the whole field of electrophysiology, as well as muscular 
exercise (contraction and relaxation), is based on such charge-discharge 
phenomena. Bergson^ and Terroine and Wurmser^'® suggested that the 


CALORIC VALUE OF EGGS PER YEAR 



EGGS PER YEAR 


Fig. 1.1 — Gross en- 
ergetic efficiency of 
egg production for 
fowl of different body 
weight and different 
production levels, il- 
lustrating the opera- 
tion of the principle of 
diminishing returns 
(Ch. 5). 


configuration of the formed tissue is on a different energetic level from that 
of the building-stone precursor. 


* Two orders of |)henoiuena are observed in living tissues, anagenesis and katagenesis. 
The role of the anagcuctic energies is to raise the inferior energies to their own level by 
assimilating inorganic substances. Henri Bergson, “Creative Evolution”, 1907. 

® Pour 6differ son organismo et Ic d6velopper, il doit en in6me temps exercer un travail 
contro r6xt6riour ct surtout dans la plunart des eas Clever le potential ehimique ties 
substances dont il dispose. II y a done Ic besoin d’<^ucrgie. Terroine, Iv, and Wvinnser, 
R., "L*6norgie de croissance. I. Le d6veloppement de rAspergillus nigor”. HulL 

5oc. C/um. iim/., 4. 519 (1922). _ ^ ^ . , 

® Cf. Bohr, C., and Ilasselbaloh, K. A., “I eber die Kohlensaure production der 
Huhnereinbroys”, Skami. Arch, physiol. y 10, 149 (19tX)); “Ueber the Warmeproduction 
und don Stoffwechsel des Embryos”, /d., 14. 39S (1903). Tangl, F.. “Beitrage zur ener- 
gotik der ontogeneso”, Pfl. Arch.y 93, 327; 98, 475 (1903); 104, 624 (19tU); 121, 347 (1908); 
130, 1, 55 (1909). Josepli Needham, “('hemical Embryology”, ('ambridgo, 1931. 
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Next comes to mind an example of energy expenditure as is associated with 
the work of rearranging furniture. Such work is immediately paid for, to 
entropy, by dissipation of heat to the environment. The potential energy 

of the room is not increased by such work. 

This problem of organization energy is fascinating in its obscurity and con- 
troversial implications, physicochemical, biological, and even theological, or 
mctaphysicaP. It cannot be put to a direct experimental test because, for 
the second assumption, it is not possible to separate or differentiate the heat 
of morphogenetic work from the heat of maintenance of the formed tissue®. 
Tliis intriguing problem of organizational energy is discussed in some detail 

in Chapter 3. 

1.4; Basal metabolism, maintenance cost, and efficiency. Living is an 
expensive process. Circulation, respiration, excretion, and muscle tension 
never cease while life remains, even under conditions of absolute rest. There 
are, moreo\'er, energy wastes associated with inevitable activities of enzyme 
systems in their own right, independently of physiologic usefulness, and there 
is also an energy cost for maintaining the thermodynamically unstable living 
state (Ch. 3). These ar^d related processes add up to the large energy cost 
of maintenance. The minimum energy cost (when the animal is at rest in a 
thcrmoncutral en^■ironment in the post-absorptive condition), called basal 
mctabcjlism, is a popular subject for research. The Mai maintenance cost, 
as eonirasted to banal inelabulism, is not being in\ estigat('d actively. 

Because most feed consumed liy animals is expended for basal metabolism 
and maintenanc(‘, we have given tin; proldems consideral)le attention (e.spc- 

cially in ( 'lis. 13 t(j 15). 

I’he following example illustrates an agriculturally practical aspc'ct of or- 
ganizational energy as well as of maintenance in relation to time, to energetic 
efficiency, and even to profit. We estimated mathematically (Ch. 23) that 
the nel efficiency (jf egg producti(jn (not including maintenance cost) appears 
to be of the .same order as the net efficiency of milk production; the gross 
(>fficienc>- (including maintenance cost, which is proportional to the time in- 
\ ol\'ed) of egg production, however, is only about half that of milk produc- 
tion. This difference in gross efficiency in the face of equal net efficiency 
may be explained tjy the greater structural complexity of egg (Ch. 23); 
there is requii'ed relatively more time and consequently relatively more 
maintenance energy to produce unit egg energy than unit milk energy. 
'I'he periodic or cyclic nature of the egg-production process, in contrast to the 
(■(jntinuous one of milk ])roduction, is another factor contributing to the 
lower grtjss energetic efficiency of egg production. This exemplifies how 
oigaiiizational comirlexity may condition in a practical way the gross effi- 


■ Px-tustMi, lor. ciL. and liis (ttlier books' 

\ff<ili:nii, /or. cil.] Tvlcr, A.. Puh, SUn. Zool. XapoUj 13, 155 (1933); Quart. Rev. 
/^-/ 17. J!i7 (1942). 
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ciency of productive {processes aside from the energy cost of morphogenesis, 
a more controvei-sial problem (Ch. 3). 



LBS. O )0 2o304o506o?D 

F.CM. 


Kin. KLi (liossiMU'inctiri'lliriciirv iii' milk (K.C'.M.l priMhu-liim for rattU' of diUVroiit 
wcinlit and dilVcrmit prodinMivi' Invols (.sia* Sod. a.P. 


1.6: Nutritional categories, rnuluctivo priua'sses transform input energy 
which is food, or'Mta'd” as it is called when used by farm animals, intt> desired 
products, milk, egg, meat, work, etc. 
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The transformation in\’olves se^’eral steps. The feed {gross-energy cate- 
gory*) undei’goes digestion, and the digestetl material {digestible-energy 
category) enters the blood stream or storage organs. Undigested material 
and fermentation gases are eliminated from the alimentary canal. Some 
of the digested nutrients are eliminated by way of the kidneys ; the remainder 
is metabolizable energy. Of the metabolizable energy, part is eliminated as 
heat increment of feeding (“specific dynamic action”, referred to as SDA), 
the rest is the net energy category. Net energ>’ is, then, that part of the total 
energy which is retained in the body for useful purposes, such as maintenance, 
growth, milk production, egg production, or muscular work, the fraction 
of feed energy eliminated in feces, urine, and SDA depends on the balance 
between nutrients (C'h. 20), on the plane of nutrition (t h. 5), and on the 
animal’s inherited ability to digest and utilize the feed. 

1.6: Organismic and atomistic viewpoints. The energetic efficiency of 
productive processes depends on many interrelated factors. The specialist 
investigating one of these factors may l)e unfamiliar with the methods, aims, 
and literature of the others. The animal husbandman, however, is (theo- 
i-etically ) a student of the efficiency complex as a whole\ because the animal 
is broader than any of the specialized or atomistic fields of knowledge. 

T\i(i organism is pai ticularly remarkable for its adaptive and regulative 
(homeostatic) devices adjusting it to fluctuating environmental conditions. 
Chapters 10 and 25 are concerned with some homeostatic or organismal dc- 
\ ices and similar interrelations. C'hapter 1 1 discusses an especially important 
homeostatic mechanism— body-temperature regulation— and the influence 
of em-ironmental temperature on the efficiency of biological transformations. 

The seasonal temperature rhythm is associatetl with the seasonal and diurnal 
light rhythms. Chapters 8 and 9 discuss the relation of these rhythms to 

productive processes. 

Light not onl\’ furnishes energy to animals by way of the plant, but also 
catalyzes many productive processes. Other catalytic processes are discussed 

in Chapters 6 and 7. 

There are individual differences in digestibility*®, metabolizability, and 
net-energy availability, with corresponding differences in the overall effi- 
ciency of the in'oductive process. Of course, digestion itself is a very complex 
))rocoss in which innumerable factors participate, and it is possible that each 
of these factors is controlled by a separate gene or set of genes. “How 
many genes may be involved in flic developmeiif, of flic reflex sfimulating 
the salivary gland or the secretion of hydrochloric acid in the stomach!”*^ 
It is customary to o\erlook the variability of the individual factors and to 

* The Ki’oss- and net-eneiKy feed aiU(j(irii.s are not related to the sross and net cffi- 

ciiiti'its (etiuations 1.1 and 1.2). . . . wi 

‘ If 'invone \vishe.s to search out the truth of llnngs in serious earne.st, he ought not 

I I M h-i t 'one special seienee; for all Ihe seienees are conjoined witli each other and 

iiiH i 'lcpciKiciil . DtsvnrlcK. ^. . . , -,17, . tf 1 ■ y 

» itifi W. A., and Willliani, O. S., “Aiitndon and g(‘iiotics , / roc. Am. Sac. Autmcil 
p. 2fi6, Nov. 27-9, 1930. 
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conduct genetic investigations not on the ultimate factors hut on complexes, 
such as inheritance of the complex “growth rate”", “milk production , 
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ralmor L S.,jnul Kt'iiin'ilv, "Ftnul cons\uuptiou ami ellieitMicy”, /. Hiol. (hem., 
I. 545 (loan. Morris, 11. IV. Vahuer, h. S., Kennedy, CV, ‘'Food requirements for the 
•owth of the rat", Minnesota Agr. Fx|i. Sta. Teehnieal Hull. OJ, li)33. 
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tional to the total feed intake above the maintenance le\-el, because digesti- 
bility, metabolizability, and net-energy availability of rations tend to decrease 
with the feed intake in accordance witli the principle of diminishing incre- 
ments (Ch. 5). Feed intake is, however, an excellent index of the productive 
aptitude of an animal'S regardless of the nature of the i)roducti\-e process.'^ 
Indeed, there appears to be a good correlation''* between growth rate in youth 
and milk-production rate at maturity (Ijoth being apparently correlated to 
the same extent with the feed consumption level); and dairy steers from 
high-milking dams fatten as efficiently as beef steers"’, high food consumption 

being the common characteristic of both. 

High productivity is, rightly, sought for, but it should also Ijc realized that 
it involves certain hazards. Thus, i\nusually high milk ])roducli()n may result 
in milk fever and related metabolic disorders, consociuences of the inability 
of the digestive and assimilative .systems to keep pace with the demands ot 
the milk-producing apparatus.’ Long-range hazards of unusually high 
productive levels may bo lessened resistance to infection, circulatory flamago"'’, 
and perhaps accelerated senescence (t'h. 18). Extiemo muscular effort in 
hot weather is associated with relatively high mortality of hoise and white 
man. (The less ambitious mule and colored man usually refuse to exert 
themselves unduly, with corresponding lower hot-weather mortality.) 

The highly productive, and conseciuently highly efficient, animal is such 
because of a hereditary configuration in which all the participating efliciency 
factors arc developed harmoniously for the given high production le\ el. Rela- 
tive overdevelopment or underdevelopment of one of the vitally juirticipating 
factors may be catastrophic to the indi\-idual or even to the race. Mention 
was made of milk fe^•er, increased susceptibility to infection, cardiac damage, 
and early senility as examples of po.ssible hazards of unusually high rates of 
milk production under certain conditions; of high nuu'tality ot horses from 
“sun stroke” as result of hard muscular work in hot weather; and of high 
mortality of fowls as result of highly accelerated winter egg ])roduction by 
artificial lighting and feeding ((’h. 23) associated i)erhaps with nutritional 
deficiencies (Ch. 20). Other examples wil be cited luescntly (Ch. 7). 

There are many individual peculiarities, geiudic and eiuironmental, affect- 
ing efficiency. Individual farm and laboratory animals— not to speak of 
humans— differ in their wisdom for selecting diets when offered free choice'L 
These may lie hereditary or en^■ironmental. It is interesting to note that 

12 Kcklcs, H., and Reed, O. E., “r'auso of wide variation in milk produetioiE'. 

Eniv. Mo. Ag. Exp. Sta. Res. Bnll.^, 1010. 

13 Kleiber, M., J*roc. Am. Soc. Animal Production. Xov. 2f-8, 108(». 

1* Prentice Iv P., HoaiuVs Dairifmon . 81, 120 (March 10. 1930). 

*3 Winters, L.M., “l-diiciencv variations in steers”. Proc. Am. Soc. Animal Protluc- 
!(on (Xov. V-S. 1936) and Minne.sota Ag. Exp. Sta. Res. Hnll. 91. 1933; Enlier, J. (1., 
'■'Vho (iairv breed steer in the feedlot”. Proc. Am. Soc. .la. Prod..p. SS, (1!)30). 

’' ('f Craham. W. R., Jr., ct al., Proc. Rotf. Soc. 120B, 330 (1936); ./ . ^ul., 7, 4(b 

(1931)- [m ./ Pht/sioL, 122, 150 (1938) who reported tluit one unit milk i)rodneti<m is 

:isMM4at(Ml with 300 units of blood How through the mammary gland. See also Sect. 
21.1.3. 
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the growth rate of “superior” individuals is not. maximum. By “superior” 
one*’ means those who are the most efficient usera of food and liave tlie highest 
livability. Contrary to the conunon belief, the most rapid growth is often 


4000 


8000 


to 


O 


< \\ 

Vri3000 I'i M— 


6000 




Q 


o M 

5200o4\r- 


Qn 

Q«a 


226 

HP. 


1115 


X 


in 


\0>s 
* kVO 


Qo 519 
Qwa h.p. 


4000 


X 


^ 1l40 


oO 


\ O 


5 '000-^- 


0^0 




OOO 


2000 


g 

< 

u 


12000 


•^■841 ♦ 70 (H.P.) 

UWA, I 


10000 


8000 


4000 


2000 


o 


I 

$ 


o 


Q O 

- 6000 


X 




Q 

< 

u 


HORSE - POWER 


Fii; 1 1— Gross cnornctic otru-iiMU-y. Qn, oxpt'iuU'il \n'v uni! wtuk. Qw i, in littrscs at 
(lifforont work rntcs, jii)proiK*l»inj^ tlio ahsoluto expense. Q.^, per unit work. as liiuit 


(hltorent work rates, appro 
(see (’h, 24 for (l(‘lnlls). 


iissociiilctl with the hi^ln'sl c'urly inorttilily*'. \ei‘\ lapiil liiowtli iu:i\ bo 
economical to (h(' animal husbamlman by saving maabi^nl mainl(M\anco cost 
but not |>rotitabli‘ h* the animal whoso loni;<^\ity may be impaiivd thoroby. 

Dove \V. F., -t/a- 69 . UiO teKta); Am. Noe. ?'/<*</.. p. 2 \A {\oy. 

27 . 10 :U)); .V. ilcraL, 30 . 157 Maine I'Ap. Sta. .Vnn. Uep t\>r O.GO, p. 727 . 

also for 103 S ami ft)!' Itkk). 



10 


BIOENERGETICS AND GROWTH 


It is generally known that there are individual differences in susceptibility 
to rickets and to nutritional cataract^^, and to cancer induced by estrogens 
and carcinogens^^ 

Neuro-psychiatric peculiarities offer another category of influences on the 
efficiency of productive processes. Thus animals vary in the amounts of 
energy they expend for activities un-related to the productive process. Rund- 
quist^** developed two strains of rats which differed in spontaneous activity. 
We are familiar with the fidgety horse, a “hard keeper”, because he wastes 
so much energy on useless motion, and the placid horse, an “easy keeper”. 
Some of these temperamental differences are due to endocrine peculiarities^b 
Skill in competitive sports, such as running, is, in part, a matter of eliminating 
useless motions, the result of training as well as heredity. 

We thus end this chapter with the introductory statement that the effi- 
ciency complex involves innumerable genetic and environmental, physiologic, 
and economic factors with corresponding difficulties of integration enhanced 
by the impossibility of saying everything at once. We shall, therefore, break 
up our efficiency complex into its several components discussed in the following 
twenty-four chapters. 


1.7: Appendix: The following summary of the efficiency equations will be useful as 
reference in future discussions. 


Gross* efficiency = 


Netf efficiency = 


energy output (as milk, eggs, meat, work) 
energy input (various categories of feed) 

energy output 


(1.1) 


energy input less maintenance energy 
Kcluation (1.1) may be expanded into its constituent components still further: 

Gross energy output 

efficiency energy output + maintenance energy 

+ other expenses in producing product 


( 1 . 2 ) 


(1.3) 


Equation 1.3 may be further expanded: 


Overall or gross 

energetic 

efficiency 


e nergy o utput 

energy of : (A) product -b (B) maintenance -b (C) work 
of organizing precursor.^ into product + (D) increased me- 
tabolism of productive system as result of its greater ac- 
tivity and of whole body as result of higher hormone and 
nutrient concentration in the blood -b (E) wastes inci- 
dental to transformation of precursors in blood to prod- 
uct -b (F) maintenance cost of growing product and so on. 


Lambert, W. V., Ellis, X. K.. Black, W. IE, and Titus, IT. W., Proc. Am. Soc, Ani- 
mal Production, p. 23() (Nov. b)36). 

Allen, E., ./. Am. Med. Assn., 114, 2107 (1040). 

i{und(iuist, 10. A., “Inheritance of activity”, ./. (Wp. PsijchoL, 16, 415 (1933). 


/ 


JUllKUlUlSl , Vj. 1 11 lltri iliUirt- aillVll.j , •/ . v 

('f. Hall, E., and Lindsay, M., “Spitiitaneous activity and the thyroid gland”, 
! ndne fi ttoloij t/ , 22, Oti (103S); Brt)dy, 1^. B., /(/., 29, Olh (1041). 


( ir<jss energy cost of a i)rocess = cost including maintenance. 
^ Net energy coifi = cost not including maintenance. 
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One might legitimately ask whether the “maintenance” of a productive animal in- 
cludes item (D) in equation (1.4). The distinction in the denominator of equation 
(1.4), as between (C) and (F), and between (C) and (D) above, are necessarily arbitrary 
and subject to criticism, but they serve to illustrate the complexity of the situation. 

The apparent efficiency will vary with the category of feed to which the product is 
compared. The computed efficiency will be greatest if the energy of the product is 
compared to the net energy of the feed, less if compared to metabolizable energy, stdl 

less if compared to digestible energy, and least if compared to gross energy. 

While from the economic viewpoint the overall or gross efficiency [equation (1.1)1 
is all-important, from the theoretical viewpoint, the net efficiency [equation (1.2)] may 
be the more important, because it is not complicated by maintenance (not a part of the 
productive process), which is dependent on a miscellaneous array of extraneous factois. 
Because of the basic character of net efficiency, Terroine and Wurinsert termed it “rende- 
ment energetique reel”, that is real efficiency, as contrasted to the overall or gross ener- 
getic efficiency which they termed “rendement energetique brut”, that is crude or appa- 
rent efficiency. During growth, for example, the gross growth efficiency decreases with 
increasing age, perhaps not because the cost of organization increases, but because the 
amount of growth in comparison to the size of the maintenance-expending body decreases. 
The importance of the distinction between gross and net efficiency will become increas- 

ingly evident. 


t Terroine, E., and Wunnser, R., loc. cit. 



Chapter 2 

Energetics, Energy Units, and Dietary-Energy Categories* 


Science is the attempt to make the chaotic diversity of our sense-experi- 
ence correspond to a logically uniform system of thought. Albert Einstein 


2.1 : Energetics. Bioenergetics, concerned with energy transformations in 
living things, is a branch of general energetics generalized by the first and 
second laws of thermodynamics. We shall discuss these briefly, and then 
attempt to extend the thermodynamic form treatment to the discussion of the 


several nutrient categories and wastes. 

2.1.1 : The first law*, or the principle of conservation of energy, asserts that 
the total amount of energy in an isolated S 3 'stem remains constant. If 
energy appears at one place, an equal quantity of energv disappears simul- 


taneously in another place ; if energy disappears in one form, an equal quan- 
tity of energy appears simultaneously in another form. All known forms ot 
energy (mechanical, electrical, magnetic, chemical, etc.) have l^een converted 
quantitatively into heat. 

The principle of conservation of matter is another form of the principle of 
conservation of energv. IMatter and energy are inseparable ; according to the 


theorv of relativitv and to other considerations^ matter and energy are dif- 


ferent expressions or measures of the same thing, and they are frequently 

hyphenated in writing, as energy-matter. 

The first law is not concerned with mechanisms or rates of energy changes, 
but only with the initial and final energetic states of the system. It holds 
true for living as well as for non-living systems : the energy equivalent of work 
performed by an animal, plus the maintenance energy of the animal, plus 


* Grateful ackiiowlcdKinents arc made to .-tllen M. Steam, Professor of Physical 
Chemistry I’niversitv of Mi.ssouri, for valuable suggestions and for reading the manu- 
script; also to ProfessorsHenry Iv Bent and Earl .\. Long of the same department for 

valuable suggestions. . . , , ■ i i i • ■ ...i f *i f 

‘ This first law may be said to have been conceived by Lavoisier, the father of the 

.science of nutrition”', but formulated by Robert Julius Mayer (a physician) in 1842, 

Herman Helmholtz (a phvsiologist) in 1847, and substantiated experimentally by James 

Prescott Joule (a brewer) in 1843 who determined the mechanical equivalent of heat. 



di iiamics”, jip. 27-34. 1937. , . , , 

' - Lewis, G. X., Science, 30, 84 (1909). The relation between energy, h, and rest mass, 

is aiveii bv the eciuation E = in which C is the velocity of light. 
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the heat increment of feeding must equal the energy generated from the oxi- 
dation of nutrients. This definiteness gives the fii^st law a sense of universal 
finality, and a firm basis for bioenergetic investigations even if the mechanisms 

of the reactions are unknown. 


The first law is usually represented by the equation 

AE = q — w (2*1) 

in which AE represents increase in the energy content of the system which is equal to g, 
the heat absorbed from the surroundings (when its sign is positive and heat evolved 
by the system when its sign is negative), less uj, the work done by the system upon the 

surroundings*. i • i 

When work is performed isothermally, AE ^ -w; when heat is transferred without 

work, AE = q. , , , 

The concept of change in energy content, AE, is usually employed when gases are 

involved at constant vohime. At constant pressure, it is customary to employ the concept 

change in heat content, All, when equation (2.1) is written 

' All = q — xo (2.1a) 

For reactions not involving gases, the valus of AE and AH are equal. For reactions 
involving, gases, 

AH = AE + RTAn = AE + 1 .9S&TAn 


in which n represents number of mols of the gas, and 7? - 1.988 Cal/°C. 

Biologists employ AH rather than AE because their observations and methods involve 

constant pressure. rr • i i ^ ^ 

When a reaction occurs reversibly, u’ is maximal work, and Ah or AH is the latent 

heat of the reaction. 

A reaction is said to be reversible when it proceeds from stage A to the subsequent 
stage B in such manner that the energy change is just enough to permit the reversal 
back from stage B to stage A without loss of energy. Wlien other conditions do not 
enter to change a situation, natural processes are probably never reversible. This 
concept of reversibility is, nevertheless, very important in the elucidation of thermo- 
dynamic theory, and in man-made system changes, such as in the slow-eharging-dis- 
charging standard cadmium cell, the concept of reversibility is virtually realized in 

practice. . , .. . , 

As regards the applicability of the first law to animals, many contributions were made 

beginning with Lavoisier‘, to whom the modern concept of animal heat is attributed, 

in 1777 long before the law was formulated. The proof of the applicability of the first 

law to animals (dogs) is, however, attributed to Rubner*, confirmed (on man, working, 

riding a bicycle) by Atwater and Benedict*, and (on cattle) by Armsby’. 


*The notations are after Lewis, (L N., and Randall, M., ‘•Thermodynamics”, 

McGraw-IIill liook Co., 1923. ■ i • * i i * 

^ Lavoisier, A. L., “Experiences sur la respiration desanimauxet sur les changements 

i iirrivent Fair eu passant par leur poumons , Mem. de I Academie de bcieuce, 

' 77 ) p 185 ^ Lavoisier^ and Laplace, P. S., I<i. (17801 p. 370. Lavoisier and Seguin, 


qui 

(1777) . 

Id, (1789) p. 506. 


^ Rubner M “('alorimetrische Untei'sucluingen”, /. IhoL, 21, 250, 337 (1885); 

7 '^ n«iu\ Vnv the history, see Uubner “Dio Cesetze des Energieverbrauchs bei 
I’r Erniihruiig”, Leipjdg, llt02,‘ and Lusk, CL, “The Science of Xiitrition”, Philadelphia, 


SO 
dci 
1928 

* Atwater W 1) and Benedict, V. li., “The Metabolism of .Matter and Energy in the 

Human Boil;” U S. Dept. .Vgr. Bull. 130, 1(H)3. 

Arinsbyyn. P., "Principles of Animal Nutrition”, New \ork, l‘.K)3, i 

editions. 


and following 
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The proof consists in comparing the heat of oxidation of nutrients outside and within 
the body. Outside the body the heat of combustion, A/f, is determined with an ordinary 
calorimeter. Within tlie body, the nafure of nutrients (carbohydrates, fats, proteins) 
oxidized is determined from the respiratory (piotient and urinary nitrogen (Ch. 12). 
The amount of cacii nutrient oxidized is computed, with (he aid of appropriate factors, 
from the CO 2 production, O 2 consumption and urinary Tiitrogen excretion. The heat 
dissipated by tiie animal, measured by direct calorimetry, is compared to the com- 
puted heat production of the nutrients oxidized. (The heat equivalents of nutrients 
and their end products are listed in the summary to this chapter.) The observed and 
computed heat production agreeing to within 1 per cent is taken as proof of the applic- 
ability of the first law to animal processes. 


2.1.2: The second law.^ The first law states that all forms of energy are 
quantitatively convertible to heat. The second law is concerned with the 
driving force of reactions, with “chemical affinity”, with the losses involved 
in various reactions, and especially limitations on the conversion of heat into 
work, that is into energy forms other than heat. 

The second law is a statement of the experience that the availability of a 
given energy form for work is dependent on its tendency to “ 11 m down” from 
its relatively high energy level to the general (lower) level, and that there is 
a tendency toward equalization of energy levels. 

Thus steam can do work not because it is hot, but because it is holier than 
the environment ; compressed air can do work not because it has a high pres- 
sure, but because it has a higher pressure than the environment, and so on. 
Heat cannot be employed to do mechanical work if it is equally distributed. 
Only that fraction of atmospheric heat creates wind (which may run wind- 
mills) that is distributed unevenly. The heat in the ocean or earth surface 
is practically unavailable for work because of its practically even distribution. 
It may, therefore, be said that the total energy of a system is made up of : 
(1) “bound”, unavailable for work, called entropy, and (2) “free”, available 
for work. This is one aspect of the second law. 

Another aspect of the second law is that only a part of heat energy is con- 
vertible to work. Tins is because work is orderly, relatively large-scale mo- 
tion, whereas heat is random, uncontrolled, disorderly molecular motion; and 
it is not possible to convert disorderly into orderly motion of molecules 
without loss in kinetic energy (heat) of the molecules. Over a century ago 
(1824) ('arnot formulated the equation indicating the maximum heat energy 
theoretically convertible into work. 

('arnot formulated his efficiency equation for heat utilization in an imagi- 
nary limiting-ideal engine — one of those scientific fictions so important in the 
(hn’elopment of science -an engine that is frictionless, does not lose heat and 
is completely reversible. ( 'arnot \s ecpiation is 

riu‘ scfuiid law, older tluin the iirst, was I'oriiiulated in 1824 by S. N. L. (’arnot, a 
witr old Froiich-Army engineer. The modern cducidation of the second law, how- 
’ i\ is due to mid-ninetcenth-contury contributions of Clausius, Gibbs, Helmholtz, 
h '.'I Kelvin, van’t HotT and others. For the history, see Lewis and Randall, loc. cit. 
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or in the differential form, 




(2.2a) 


in which w represents the theoretically maximum work-energy obtainable in 
the ideal Carnot engine from the heat-energy, q, operating between absolute 
temperatures Ti of the boiler and oi the condenser. 

Under the usual conditions of about 300° C and 30° C at the boiler and con- 
denser respectively, the ideal Carnot engine converts less than half of the 
heat, q, into work, w. Ordinary heat engines are, of course, much less effi- 
cient.* Only when the lower working temperature is absolute zero ( — 273° C) 
would the Carnot engine convert all the heat energy into equivalent work 
energy. This brings out another aspect of the significance of absolute tem- 
perature and its zero. The zero on the absolute-temperature scale may be 
defined by the temperature at which the Carnot engine is 100 per cent efficient. 
This idea will come up again in connection with the discussion of entropy and 

the “third law” of thermodynamics, which defines the absolute zero as the 
temperature at which entropy is zero for solids. 

Although living organisms are not heat engines (life processes are not oper- 
ated by temperature differences, and the heat produced by the body is the 
end product rather than the moti^•e power of the body processes as it is in a 
heat engine), the principle that the efficiency of transformation of one energy- 
form into another is less than 100 per cent, even theoretically, appeam to be 
as generally true for isothermal chemical processes as for heat engines. 

As applied to isothermal chemical reactions, the Carnot equation (2.2) is 
usually written (Helmholtz’ free-energy equation) 


M<' = \E - T\S 

or (Gibbs’ free-energy eciuation) 


(2.3a) 


AA 


A// - 7'A.S 


(2.31)) 


in which, as in equation (2.1), ^E represents the change in intrinsic or internal 
energy, and A// represents the change in heat content; or moi-e simply, it 
represents the heat of reaction determined by direct calorimetry or computed 
indirectly with the aid of Hess’ lawf from published thermochemical tlata* 
of constituent reactions. 

* Tho onicionoy, c, of tlio (’aniot engiuo as i;ivon bv oq. (2.2) is c - ^ ~ ^ ' 

t Hess’ law, fonmilateii in IStO, is that the heat liberated or absorbed in a re ietion 
18 indopoiulent of the manner in which the reaction takes place Thus the licit nf 
formation of ('O, not determinable directly, may be estimated from the follow inu eoua 
t.on ouhrootb-: () + O, - (X), + 04 (Xd; ^(4 + JO, - (X>, + GS Cal. 'r^^r^L"e. + 

* “IntorniitioniU Tables”. McGraw-Hill Hook (o., UW. L^iulolt H u 

’ “I'bysikalisch-chemischo Tabclleu”, Horlin, liVjk Unvis anil 
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The symbol A/'’ leprcsciits the free energy change of the reaction, i.e., the 
theoretically maximum amount, of useful work, analogous to w in Carnot’s 
e(juation (2.2), obtainable from the A// of the i^rocess at constant temperature 
and pressure ; and jf’AS is analogous to the part of the heat in Carnot’s equa- 
tion which is not convertible to work. 

The numerical ^'alues of the free energies, Af", of chemical reactions are 
extremelj^ useful to students of' intermediate metabolism in the animal body, 
as well as to workers in inorganic, organic, and industrial chemistry for pre- 
dicting the direction and extent of a chemical reaction. It is a measure of 
the driving force, of the chemical affinity, of the given reaction. If the 
standard AF has a large negative value (exothermic) the reaction will, when 
properly catalyzed, take place vigorously and essentially completely; if AF 
has a positive \’alue (endothermic) for a given reaction it will not take place 
unless supplied with energy from external sources; if AF is zero, the system is 
in equilibrium and no change occurs. Indeed AF may be, and preferably is, 
computed from equilibrium data by the equation 


AP = -RT In K 


(2.4) 


in which K is the equilibrium constant of the given reaction. In its natural 
logarithm, and V° the free energ}'' in a standard state or at unit activity. 

In some reactions AF ma}’’ be determined from electromotive-force measure- 
ments : 


= —nFE 


(2.5) 


in which n is the number of ecjuivalents of chemical change, F the \alue of 
the Faraday, and E the electromotive force of the cell. 

The characteristic second-law feature in eejuatiou (2.3), however, is the 
term which represents the amount of energy degraded from the free or 
high-grade foi'm (equivalent to work) to the bound or low-grade form (equiva- 
lent to heat) during the process. It corresponds to the wasted heat or l.)oiind 
energy not convertible to work in Carnot’s engine [eq. (2.2)]. 

This increase in bound energy is made up of tA\o factors, capacity, AS, and 
intensity, T (absolute temperature), just as, for example, the work energy 
of a quantity of heat, q, in steam operating between temperatures Ti and 

is proportional to 5(^1 — 7 ’ 2 ). 

The entropy change in calories per degree (involving simple heat change) is given, for 
a reversible path, by the equation* 


To 


AS 


dS 


Tl 



* When tlie temperature remains constant, as in fusion, A.S* = q/'i\ derived directly 
Iroiii the ('arnot cq. (2.2). Typical entropy values in E.U. for the standard state: 

1.3; S, 7.6; H:>, 16; -JNo, 2Z{hO-2, 25. 
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in which dS is the increase in entropy for an infinitesimal change; dq is the infinitesimal 
amount of heat absorbed; AiS is the increase in entrop}'' for a finite process. When the 
temperature is constant (as in fusion), AS = q/T. 

The numerical value of AS of a reaction may be computed from equation (2.3) or, 
preferably independently, from data on heat capacity and latent heat for a wide range 
of temperature and, in accordance with the third law, extrapolated to absolute zero and 
the entropy interpolated at the desired temperature. The equation form used for this 
purpose is 

S, = AS(o,r,= (2.6) 

in which iSr is ll»e entropy at the absolute temi)erature 7’. f^is the specific (molal) heat* 
at constant pressure, and Allu is the heat of transition (fusion, etc.), or cliange in heat 
content of the substance during the transitions which it undergoes in i jrsing its tempera- 
ture from the absolute zero, 0, to the given absolute temperature, T. As previously 
indicated, the “third law’* provides a measure of al)Solute entropy by stating tiuit the 
term So, the entropy at the absolute zero, is equal to zero for systems in e(iuilibrium. 

The value of AS of a substance may be computed in some cases with tiie aid of statisti- 
cal mechanics from s|)ectroscopic data. 

The following are illustrative values*® of All, AE, and AN at the specified “standard 
state” or “reference state” of temperature and pressure, in which case tlie free energy 
is designated by AV°. Unless otherwise specified the “standard state” is assumed to be 
25X’ (2t)8°K), one atmosphere pressure, and in case of solution one mol per UMH) gm 
solvent. Vlav-h of tliese conditions, as well as those fixed by these conditions, such as 
ionization, hydration, solution, etc., affects the thernunlynamic values. Hy way of 
illustration, consider the oxi{lation of glucose. 

Cell, ,0c + fiOi = fiCO, -h fillA) (27a) 

Since the change (»f 11,0 litiuid (/) to 11,0 gas {(j) involves an energy change 

11,0 (0 = 11,0 (f/) - ‘.17 Cii\ (at IIHUC) 

% 

it is obvious that the value of All in equation l2.7a) will depend on whether the ll.O 
is in the / or ;/ state. At 2r)°(’ and ttne atmosphere pressure, when tl»e 11,0 is in the / 
state, CO, in the q state ami CcHijOc in the s (solid) state, etpiation (27;0 is written: 


('flllijOfl (s) -h fiO, {ij) = tiCO, (!/) -f- (*11,0 (/) -f t»74 ( al 


(27b) 


That is, AH = -(*71 (’al. nu»l glucose. ('I'he value of AV° = -fiNo (’al). If the 11,0 
is in the (/ state, the value of All would be less by fi X Hh4 = (’>3 ('al tlian tliat given in 
ciiuation (2.7b). .\ecording ti» Haas Becking and Barks. tl»e free energy oi the reaction 
umler natural comlitions when the partial pressure i»f ('O, is (kt)d3 atmosphtue is 70‘t ('al ; 

(iCO, (lhOlH)3 atm) -|- t*ll.(Mliqnivl) - fiO, (0.2atm) I- (’#lli;(^»; = 7fis.‘K'al (2 7ci 

* Typical heat capaeilv at constant pressure. C,. per mol; for II, - (>,5 4- 0-tKKVdT; 
for Oa'and N, = (*.5 f l»'.(H)l 

Taken from Lewis and Kandall. loc. cil.\ Barks, (1. S.. ami llutlman, II. M.. "The 
Free Knergit's of Soim^ Organic ( ‘ompoumls’’. New York, Ihirsook. II . "Ueversible 

enzymatic reactions”, /‘.’n/th.d. EtuiitnforschumjA. 1 Burk. !>., "The free energy 

of nitrogen lixation b\' living itrgamsms - 'C (ica. / hffsiol.. 10, B ^ roe. Roy. 


Soc., 104B, 153 (102*3); J. Chtm., 36. 132 0331); Baas Becking, 1.. Ct. M.. nmi 

Burks (1. S. “Lnergv ndations in tlu* metabolism of auli»trt»pic bacteria”, l*hy^iol. 

Rvi 

Enzymoloqio 


iVc., 7,S5 (lil27): Needham. O. M .. “Knergy \ ielding react ions in muscle contract imus”. 
V#u*i/»io/o(ji<i,6, I5S(I33S). Ste|*henson. M.. "Bacterial metabolism”, Lt>ngm;uia, hW. 
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Likewise as regards pressure. In equation (2.7b) it is assumed to be one atmosphere. 
Under natural conditions of photosynthesis the partial pressures of CO2 and O2 are 
0.0003 and 0.2 atmosphere, respectively, and AF = 708 Cal rather than 685. 

The most interesting Inological examples illustrating thermodynamic equations are 
found in the literatures^ on the metabolic activities of nitrogen-fixing soil bacteria and, 
of course, in the recent studies on intermediary metabolism in animals. 

Most bacteria are helerolrophs'y they obtain energy for their metabolic processes by 
oxidation of carbohydrates leq. (2.7)] and related organic compounds, as does man. 
But there are, especially among soil bacteria, many auioiroph^^'^ obtaining energy not 
from oxidation of organic matter but from oxidation of Hi, N2, S, NH3, NO2, Fe'^'*', ^ 
and so on, as illustrated by the following reactions. 

C 4- O2 = CO-2 + 94 Cal 

Hi + ^0-2 = H2O + 68 Cal 

(A// = -68 Cal/mol Hz; AF'^ = -56 Cal) 

S 4“ I5O2 H2O = H2SO4 “h 142 Cal 

(A// = -142; AF° = -119) 

S 4- O2 = SO2 + 71 Cal 

The nitrosomonas or nitrite producers obtain energy by oxidation of ammonia to 
nitrites: 

NH3 + UO2 = HNO2 4- I-LO + 79 Cal 

The nilrobacler or nitrate producers obtain energy by oxidizing nitrites to nitrates: 

HNO.2 4- §0-2 = HNO3 + 21 Cal 

The above are exothermic reactions. The formation of ammonia from atmospheric 
nitrogen is endotliermic. 

iNg 4- 3/2 H2O = NH3 4- 3/4 O2 -82 Cal 


Ml = 4-82 Cal; aF° = +79 Cal 

The energy for the endothermic formation of NH3 is obtained from the exothermic 
oxidation of such carbohydrates as glucose which yield 700 Cal free energy per mol, 
more or less depending on conditions [eq. (2.7b)l. Theoretically, therefore, one mol 
glucose furnishes sufficient free energy. A/'’, to convert about -1 mols N2 to NH3. Actu- 
ally, however, not one but 30 to 50 mols glucose are reciuired to furnish the needed energy, 

the '^machine efficicncy”^^ of the i)rocoss is only 2 to 3 per cent. 

Practically, therefore, the value of AF is no better indicator of the “machine” effi- 
ciency of a reaction than is the value of a' in the Carnot equation (2.2). Living 
organisms, like engines, have irreversible heat losses due to various causes which in 
organisms go under the name of “maintenance”, and tliese “maintenance” losses, there- 
fore, tend to be inversely proportional to the speed of the process. There is a time ele- 
ment affecting the irreversible losses. 

Tlie value of A/’, as previously explained, is the best measure of the chemical affinity, 
the driving force of spontaneous reactions. 

" Burk D ./ Gen. I^luisiuL, 10, 55<J (1927); Pruc. Intern. Cong. Soil Set., 3, 67 (1930); 

4 , 2.3, 257, 760 (ISOO). Id.. 6, 92, 577 (1891). 
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As a matter of fact, however, reactions in biologic systems are not “spontaneous” 
in the sense that this expression is used in relation to inanimate systems. Biological 
reactions are mostly coupled}^. Even the conversion of sugar to alcohol and carbon 
dioxide may be considered as a coupIe<l reaction. The part of the molecule which is 
oxidized to CO 2 (exergouic*^) is coui)led with and furnishes energy to the part converted 

to fatty acid or alcohol (endergonici^- 

CeHijOs = 2 C 2 H 5 OII -f- 2 CO 2 22 Cal 

(c. alcohol) 

The following fermentation or glycolysis reactions may also be considered as examples 
of inlernal oxidaiion-rcduciions not involving external (molecular) oxygen: 

CfiHi.O* = 2 CH 3 CHOH COOH + 26 Cal 

{lactic acid) 

CflIIioOs + H 2 O = 2CH3 CHOH COOn + 32 Cal 
(glycogen) 

(C 6 H 11 O 5 II 2 O = C([Hi 206 H“ 6 Cal) 


CfilliaOfl = SCHa- COOII + 15 Cal 

{acetic acid) 

The fermentation of glucose to produce lactic acid (glytH>lysis) is an important method 
of supplying energy to animal tissues when the oxygen sui)ply for normal oxidation 
energy is inadequate as in violent exercise and in cardiorcspiratt>ry insufhciency due to 
disease. It is, therefore, of great importance in intermediary metabolism. Micro- 
organisms produce in their metabolism a great variety of incompletely oxidized products, 
a few of which arc listed below. Many of them, such as alcohol, acetic acid, citric acid, 
oxalic acid, kojic acid, gluconic acid, fumaric aciil, ami so on, are of very great 

importance. 

CAU 2 O, + HOi = ;HtX)OU )2 -H 3llA) 4- U)3 Cal 

{oxalic acid) 


C’IIa‘('HOII (’OOIl I- KNOa = 

{lactic acid) 

CHa (’() (’OOll 4- 11:0 = 
2(’Ilr(410 4- 11:0 - 

{acetaldehyde) 


Clla t'O-COOIl 4- II 2 O + KXO. 4- 3! C'al 
{pyruvic acid) 

(Mh-COOIl 4- II C'OOll + 6.5 Cal 
C.IUOIl f ClIj-COOll -i- 22 Cal 


/ 


NH.l’()(011)j 


Nil 


11N=C 


t lljO = 


\ 


/ 

I 

\ 


+ lUi’o. + r: Cal 


N(Cll3)l'lliCU)(>ll 
{phosphocreatine) 


\((Ml3)Cll2(T)Oll 

(ercntiMr) 


(rhosphocreatine liydroly/t's during muscle Cimlraction ;uul res\ nt liesizes during 

recoverv.) 


”(’/*. Borstiok''*, Burk“’, KuU'kar. II. M , * Tlu' mature of encrgtuii' coupling in bio- 
logioal Hyntheses". ('hem. R,r . 28, 71 (bMli 

*M\>ryell, !>., [Nen ma , 92. 3 mI O'Mttil .suggested that the terms txothtrmic and 

bo conlined to lu‘at ehaiigt's, Sll ; exergonic ami emlergonic be used fi>r desig- 
ttttting SR changes {eryon, from Crt'ek. me.uung workb 
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It should perhaps be re-emphasizcd in conclusion that we have not been concerned 
with the internal energy, E, of systems but merely with heat-content changes, ME, 
free-energy changes, ^F■, and entropy changes. AS. Thus Ml, the heat of formation 
of CO from C and 0. or the heat of combustion of C to CO (under standard conditions) 
is -26 Cal; likewise, the heat of formation of CO 2 from CO, or the heat of combustion 
of CO to CO 2 , is —68 Cal. We are concerned not with total emu-gy but with changes or 
increments for well-defined reaction stages under well-dclined conditions. 

Similarly the molal heat of formation. MI (at 25°(' and 1 atmosiiherc iiressurc) of 
formic acid from its elements, C, Ho, and Oo, is -100 Cal and corresponding free enerp, 
AF, is -85 Cal; the heat of combustion, MI. of formic acid to II-.O and COj is -63 Cal, 

and so on for other compounds as given in the literature. 

Another factor needing re-emphasis is that environmental conditions such as tempeia- 

ture pressure, but especiallg concentration of reactants and inoducts, iiillueiice to a 
greater extent the free energy, AF, that is the theoretically maximum «'ork derivable 
from the energy, than they do the heat -content change. A//, The application of this 
observation is of the greatest practical agricultural importance, especially as it relates 
to plane of nutrition, which we shall discuss throughout the book. The simple illustra- 
tion was already cited that in the reaction 

C + Oo = CO. 

the values of both MI and AF are -94 Cal per mol when the oxidation is done under a 
pressure of one atmosphere 0-2 and CO-:, Hut when the partial pressure of CO^ is O.ODl). 
atmosphere and of O 2 0.2 atmosphere, the value of AF = -99 Cal, whereas MI is still 

— 94 C ul • , 1 I 1 * r I H 

Finally, an important but aprarontly mysterious (Miuation noods to be clanticiL 
was already noted that the work, ic. by an expanding gas from volume c, to ( against a 

pressure, p, is projmrtional to piv-i - ri): 

W o: p{c2 — ri) 

RT^ 

This proportionality is generalize.! (when p has always its e.,uilibrium value j to the 


lc.ss evident* cfiuality 


ic 


= -RT In (/•i.r-d 


( 2 . 8 ) 


in which R is the gas constant (1 .988 gm-cal or t).f)82 lit-atm) ami In is the natural loga- 
rithm (2..393 times the common logarithm) of the given ratio. 

Likewise it mav be shown that the free-energy, aF, accompanying the dilution ot a 
solution from concentration c, to in isothermally is given by the second-law equation 

form 


A/.’ = -RT In C 1 /C 2 


(2.8a) 


This e.iuation form is use.l for com,.uting ki.l.iey work in concentrat mg unne against 
a higher osmotic pressure, for electromotive force .ievelope.l betwimn dift.'i-ent loiiic 
concentration, c, and <n, and so on. The free-energy change. -M- . ciiuv.-dent to Uu 
work of concentration of urine from blood by the ki.lney is given- by the e.ptation 


.Tl.c*ri..'.li«»: r,.h. nr ■ (l„ ^ h. - 

Jvt Jr, E'l 

' ^<^Fo/n'unoncul illustration .see Horsook. 11.. an.l Winegarden. II, M., Rroc. -Vat. 
Ar,ut. Sci., 17,3 ( 1931 ). 
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C plasma 

— AF = nRT In -r — : — in which n is the molar concentration in the urine excreted 

C urine 

during a given interval. Similarly the work of transporting water from plasma to urine 

^ plasma 

IS — aF = nRT In ^ — . 

n urine 

Turning to more general considerations, the meaning of the definition of 
the second law, that the difference in energy potentials tend to come to a dead 
level, is exemplified by daily experiences: when bodies of different tempera- 
tures are brought together, the temperatures become equal, thermodynamic 
equilibrium is established, and the energy becomes useless for work perform- 
ance. 

Statistically viewed, when molecules moving at different speeds (that is, 
when the bodies are at different temperatures) are brought together, they 
collide in accordance wth the theory of probability, and a compensation of 
velocities, or thermal equilibrium, is established. Considered in this way, 
entropy is a condition of maximum probability (Boltzmann). It is improb- 
able that heat will be transferred from a colder to a warmer liody, just as it 
is improbable for a river to rise above its source. Both thermodynamic laws 
are common-sense laws, with many analogies and implications, yet not with- 
out apparent contradictions, two of which may be noted. 

The definition of entropy as condition of maximum probability, maximum 
energetic levelling, maximum disorganization, and so on, all imply a “running 
down of the universe”, an implication which raises the following (luostion 
often asked by children to whom this concept is explained : if the uni\-erse is 
running do\vn, it must have been previously “wound up”. Who wound it 
up? How was it wound up? What was the “first cause” and the cause of 
this cause of this winding up? 

A second apparent contradiction concerns the evolution of comi)lex oigan- 
isms from simple and the growth and development of complex bodies from 
apparently simple eggs (Ch. IG). While there is a tendency toward Uwelling, 
yet there are many integrative, directive, creative and indi\ iduative acti\ ities 
illustrated by evolution of species, growth and development of indi\ iduals, 
or oven by the writing of an orderly book from disorderly data and thoughts. 

The fact is that we are not aware of all the factoi-s operating at the li\ ing 
organizational level which may, conceivably, have selective mechanisms 
analogous on the molecular level to “Maxwell’s demon”. I’robability pn>- 
dictions (Boltzmann derived the second law on statistical consiilerations) 
are known to be upset by “thought” (leading to actiont with which the living 

are endowed. 

This aiiparent contradiction may, perhaps, he rationalized, in harmony 
with Boltzmann’s statistical derivation of the .secoml law, by s;iying that 
biologic phenomena are relatively local and that general statistical laws nml 
not appl.v to local events, d he limitation id' the second law has no signiticanee 



22 


BIOENERGETICS AND GROWTH 


for single molecular events. Intelligent purposive action may interfere ^vith 
the normal operation of i-u-ohability. Thus life insurance tables for the 
United States do not necessarily reflect the life expectation in a local com- 
munity living uj) to \inusually high health standards, especially for its children. 
Improbable events may occur locally in accordance with the calculus of prob- 
ability and, of cour.se, by proper coujding with external energy-yielding sys- 
tems. It was noted'*’ that biologic syntheses, for example, are normally 
coupled between two reactions, one representing an increase in free energy, 
-f AFi, the other a decrease, — AF2, and that the absolute value of AF2 is 
larger than of AFi. This way one system is more highly Organized (entropy 
lowered) at the expense of simidtaneous disorganization (entropy raised) in 
an interrelated .system. In the more familiar example of refrigerating ma- 
chines heat is raised from a colder to a hotter body ; but, of course, by perform- 
ing work on the system at the expense of external energy. The overall result 
of .such operation is a net increase in entropy, a decrease in free energy. There 
is philosophic (luestioning concerning the ai)plicability of the second law to 
li^'ing systems'^ but, as illustrated by the following examples, there is no reason 
for practical questioning from the standpoint of the present book. 

It is sometimes said, and with truth, that the agricidtural industry is the 
only one (with the exception of those utilizing water and wind power) engaged 
in increasing the supply of free energy for man’s use with the aid of green 
plants, the “great anabolizers’’, by the basic photos3mthetic process 


(2.9a) 


(2.91.) 


6CO2 (0.000.3 atm) + CHjO (1) + 709 Cal -> O2 (0.2 atm) + CsHijOs 

{solar energy) 

thus supi)lyinp: the chemical energy for the basic catabolic process 

Cell, ,06 -f 60, 6CO2 + 6H,0 + 674 Cal 

"I'liis photosynthetic process involves a local increase in free energy, a local 
(l('(‘rease in entropy. But from the viewpoint of the system as a whole, this 
geolnologic increase in free energy is coupled or linked with the solar decrease 
in free energy, and the thermodynamic efficiency of photosynthesis is not 
very high even theoretically.^®-^'’ There is an increase in entropy of the 

C'/.. infer alia, Ostwald. Wilholiu. Z. physik. Chem., 34, 24K (1900); Borsook, loc. 
cil.; Kolc'kai'. toe. ril.; Hurk, D., J., Phijsical C/ichi., 35, -132 

>' (Y inter uUn (luyo, C. Iv, ‘‘I’liysico-C’hcmical Evolution , Loiuloii, 192o. .Jeans, 
1 n Vetivities of life and tlie second law of thermodynamics”. Nature, 133, 17-1 
(i934l’- ijnnnan, F. C.. ( 'oncerning the applicability of thermodynamics to the phenom- 
ena of life. J. Gen. I’ln/siiil.. 8, 08.5 (1926); Nature. 133, !)9, a3() (1934); Scientia, 24, 
2X2 (191S). SiniUs, J. “Uolisin and New York. 1926. Watson, I). L., 

“ibntropy and Organization”, Sr/vnre, 72, 220 (U)d0). 

liol'sonk^®, J). 29. . . /.I / u • oc 

'rrans(‘aii. K. N.. •*Tlie aciaimnlat ion ot energy in plants , Ofua J. ^o, 

I (1920): d'lie (‘artli receives aOuiit one two billionth oi the sun’s energy. 01 this |)art 

lereived rtbuiit 25 i)er conl is reflocled into space, 05 percent ab.sorhed. Of this absorbed 

II V> per cent enters into the life cycle. Of this 0.12 per cent, about 24 per cent is 
utilize.! by agricultural )>lants. Of the 24 par cent, utilized by agricultural planl.s, the 
1*1.011 stores 1 to 25 per cent, some 75 per cent of the energy utilized by the plants being 
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system as a whole; the law of degradation of energy definitely holds. Organ- 
isms, however, capture and transform much of the energ>' that would otherwise 
be lost. 

It may similarly be said that farm animals are wasteful converters of feed 
into milk, eggs, meat. Thus man obtains about 1500 Cal of useful energy by 
consuming a pound of grain directly but only about 300 Cal (20 per cent) by 
consuming milk produced at the cost of a pound of grain (Ch. 21), or about 
150 Cal (10 per cent) by eating meat (Ch. 3) or eggs (Ch. 23) produced at 
the cost of a pound of grain. These animals are, however, humanly useful 
because they utilize feeds which man cannot or does not wish to utilize di- 
rectly.* Draft animals have an ovei’all energetic efficiency of about 10 per 
cent, 90 per cent of the free energy being wasted ((3i, 24). The same is true 
of inanimate machines, humanly useful l)ut energetically wasteful. In brief, 
while humanly useful, productive processes invoh-e overall free energy lo.sses: 
the entropy tends toward a maximum, the free energy to a minimum. 

' In the case of plant growth, the radiant eiiergy of t he sun would be lost any- 
way, so that whatever photosynthetic tise is made of this energy by man is a 
gain, although the utilization of the energy is low; likewise, while farm ani- 
mals are wasteful in their utilization of roughage energy, yet whatever utiliza- 
tion is made by the animals for productive purposes is total gain to man who 
cannot himself consume roughage. Loss and gain are thus relative terms 
depending on the viewpoint. 

2.2: Energy units and energetic equivalents, h^iiuivalent quantities of 
different forms of energy yield equal (juantities of heat (first law). All forms 
of energy may, therefore, be represented in heat units. Calories or British 
thermal units (Btu), as indicated in the appemlix to this chapter. 

While living organisms are not heat engines, it is customary to express the 
energy exchange in heat units because work energy and storage energy in 
animals arc measured by calorimetric metlunls, in heat units. 

The heat units commonly employed are the stnall or (jram-cahn'ic, the heat 
required to raise the temperature of one gram of water I® (' at 15° C; the 
large or kilogram-caloric, the heat required to raise the temperature of one 
kilogram of water 1° C, written with a capital majd-caloric, eiiuivalent \o 
1000 Cal or 1,000,000 cal, which is Armsby’s Therm. 'Fhe Btu is the heat 



* It i8 said \lirit. Med. J., 2, (Aiir. 2, ItUO] that tlu' protein luiiiustay of the 
Gorman Army is not moat hut “hrattliuK”. a soyl>oan skimmilk savisa^.o; tiiat. likewise, 
poanut and cottonseed meal (after the oil lias Iwn extraetoii therefroiuK usually fed to 
cuttle, is at present used in Germany as a meat suhstitute in the form of sausage, etc., 
at, perhaps, 10 per cent of the eost o\ meat. Soybean is. of eoui*se. a staple in t^hina. 
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required to raise the temperature of 1 lb- of water 1° F. A Calorie (kg-cal) 
is thus about 4 Btu (3.9681 Btu) or 1 Btu is equivalent to about | Cal (0.2522 
Cal). 

2.3: Feed and nutrient energy categories. There appears to be some anal- 
ogy between the thermodynamic energy categories discussed in section 2.1 
and the feed and nutrient categories discussed in this section. 

Thus the energy equivalent of the oxygen consumed (about 5 Cal/lit) by 
a working animal above that consumed at rest is analogous to what was called 
AH in section 2.1, the total energy associated with the work, and the maximum 
theoretically obtainable work by the animal is analogous and, perhaps, close 
to what was termed free energy, AF, in section 2.1. 



Fig. 2.1— Ratio 
of CO 2 to CHi in 
the rumen of cattle 
and goats.^i 


We shall discuss four feed and nutrient categories: net energy, sometimes 
called “production energy”, equivalent to Kellner’s “starch values ; metab- 
olizable energy; digestible energy or TDN ; gross energy. 

The net-energy category formulated and defined by Armsby^" as the maxi- 
mum proportion of the feed energy convertible to work, milk, egg, meat, and 
maintenance seems to correspond to the free energy, AF, of theimodynamics, 
altliough the latter is confined to the theoretically maximum (not actual) 
energy convertible to work, and not to storage (as for milk production). 


Armshy, H. P-, “Tlie Principles of Animal Nutrition”, 1903; ‘‘The Nutrition of 
l arm ‘Vnimais”, 1917; “Net Energy Values for Ruminants”, Penn. State College Bull. 
a‘> 1916 See also Fraps, G. S., “Practical applications of productive energy values to 
pii.hlems concerning feeds and feeding”, Proc. ^"^-Soc Anunal Production 
■The production coefficients of feeds”, Texas Agr. Exp. Sta. Bulls. 185 (1916), 203 
(T6),329 ('25). 373 (’28), 402 (’28), 436 (’31), 454 (’32), 461 (’32). 
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The analogy, here as elsewhere, between nutrient and thermodynamic cate- 
gories is only formal. 

The metabolizable-energy (or physiological fuel value) category, defined by 
Armsby^® as the net energy plus heat increment of feeding, seems to corre- 
spond to change in the heat content, AH, of thermodynamics. 

The heat increment (above the postabsorptive level) associated with the 
nutritive process, usually called “specific dynamic action”, or SDA — which 
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might be called fooil-utilization tax appeal's to be auali>g4nis to the entropy 
term, TAS, of thermodynamics. 

And just as wo have tlie basic thermodynamic enuatitai 
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in which NE is the net energy, ME is the metal)olizable energy, and SDA the 
specific dynamic action or the heat increment of feeding. This analogy is 
closer for work processes than for maintenance and storage, to which the net 
energy concept also applies. 

The other two feed categories are gross energy, which is simply the combus- 
tion value of the original feed or food ; and digestible energy which is the gross 
energy less the fecal energy. 

The gross-energy category has no important nutritional significance since 
it gives no clue to the nutritional value of the feed. Thus the gross energy 
(combustion value) per unit weight is practically the same for dry starch as 
for dry wood, despite the fact that starch is utilized completely by the body, 
whereas the wood is not utilized at all. 

While the digestible-energy category is much more significant nutritionally 
than gross energy, it is also ill-defined. The so-called digestible energy, de- 
fined by the difference in combustion value of the feed and feces, is not really, 
but only apparently digestible, since the feces contain not only indigestible 
material but also voluminous excretions from the body proper into the diges- 
ti^'e tract and secretions of juices and enz>'mes by the digestive-tract wall, as 
well as abrasions from the walls and a rich flora of bacteria and, in cattle 
especially, a fauna of pi'otozoa. The metabolic part of the feces (not part of 
the undigestible feed or food) is highly variable depending on the amount of 
roughage in the ration, plane of nutrition, balance between nutrients and so on. 

Moreover, some species, such as ruminants, produce anaerobicall}^ (by fer- 
mentation) enormous (luantitics of gases Avhich have a high caloric value. 
These gases, not being part of the feces, arc consequently classed with the 

digestible nutrients ! 

The most voluminous gases in the rumen are-^ CH 4 and CO 2 , but there are 
also said-' to be Ho, H 2 S, and CO (Fig. 2.4). Fatty acids are also formed.'^ 

It is difficult to determine the ratio of CO 2 to CH 4 because the fatty acids 
formed in fei !n(Mitation liberate C'02 from carbonates. We obtained data on 
the C'Oo/Clh ratios as they exist in the paunch of cattle, goats, and sheep at 
\aiious times after feeding; as well as percentages of methane in expiied aii, 
as shown in Kigs. 2.1 and 2.4. Ihese data enabled us to estimate that the 
a\'erage well-fed dairy cow i)r()duces about 300 liters per 24 hours of each 
hu’mentation prodiu't ('II4 (Idg- 2.4) and COo. Assuming that the eneig> 
equivaleiO is 0.5 ('al/lit fovCU, and 4 Chi, lit for C’Oo, the fermentation-energy 
loss is about 4000 (hl/day,'' e(iuivalent to about a third of the resting main- 
tenance energy cost oi a 1200-lb cow (( h. 15). 

\Vashl)urn. h. Iv, and Brody, S.. ‘‘Alethane hydrogen, and carbon dioxide produc- 
lion in the dig(*.stive t ract of ruminants”, Univ. Missouri Agr. hxp. Sta. Res. Bulls. 2b3, 

•■Olson T M.. “Ruminant gases , /Jm/*// Aco, 26, 684 (1942). , ^ ... . 

Se(‘, also, (’ole, II. II-. Mead, 8. W., and Kleiber, M., “Bloatm Cattle , Calif. Agr. 

''A(-c<)i'<lillg to R(Is'sini [./. Research, 6. 49 (1931)1 the molar heat of combustion of 
t 'lK at 2o°(’ and one atmosphere is 212.8 Cal. 
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The fermentative production of fatty acids, methane, and C()2 in the mmen 
may be variously represented, as 

2C6lI,o06 — ► 2CMI8O2 + 3C:02 + CIU 
(cellulose) (butyric acid) 

after Krogh and Schmit-Jensen-®, involving a 3 to 1 proportion between the 
volumes of CO2 and CH4; or it may be imagined to occur as follows-^: 


(1) CJI10O5 + HoO 3CO2 + 3CH4; 


( 2 ) CO-, + 4H., - CH 4 -f 2 H 2 O 


The above discussion indicates a great loss of feed energy in the form of 
fermentation gases. The loss may not, however, be as great as it seems, be- 
cause the fermentation losses appeal- to come from the indigestible part of 
the ration, or the fermentation loss is compensated by greater digestibility 
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2.3 — 'rhe time course of fornuilion aflt'r jin*en alfalf:i feialin^ (t’ole, it 


associated with the fermentation process, 'riiis is indicated by the fact tlial 
the percentage of metabolizabh' tMUM'g\’ of a gixen ration is the same for cattle 
and rabbits (Figs. 5.3 aiul 5.4), tlespite the great ililfereuce in fermentation 
gases protluced by these two spiaaes. 

The metabolizable energy, or physiologie fui4 \ahie, categm-y in nutrition 
(oq. 2.10) correspoiuls to the heat change, All, in thernuHlynamics (^Section 
2.1). The physiologic fuel value of nutrients, especially of nitrogenous nu- 
trients, is consiilerably below that of the bomb-ealorinuter fut‘1 xalue, AH, 
because the oxidizing powers of the body are below th<*.se of the bomb calorim- 
eter, Thus protein is not ci>mpU'tely oxidizeil in tlie binlx'; for e.ach gram of 
protein cataboliztal about 1.3 ('al are t'\i-ri‘ted in the mint* in tlu' fi»rm i>f in- 

A . . ami Scluuuil 1 1 1 1 ‘ I'lir In iinMilal inu ol i-fllulosr ui l lu- p.aum'li 

uf llu* u\ uml ilH siKuiti^-JUU'c in hu‘tal»ohsm fxpn imnil.s”. Hun hint ./ 14. |VM» vlOJO 

** Hurkor, 11. A, [Arch Mikriduid . 7, UM, IJO rr|umni lunliatu' luNuiuoiion Uy 

hiu'tcria, thus: t ’(h I •I'lh i 'Jt'lliOII I'lu' ;\loolu»l ui siiuiLu rompouiui 

iu'Ih UH the 11 (tuiuu ftu* rcilucih^; 
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completely oxidized products such as urea, creatinine, and so on, thus reducing 
the bodily oxidation value of protein to 4.35 Cal/g, or 1973 Cal/lb from the 
calorimeter-combustion value of about 5.65 Cal/g or 2563 Cal/lb. Less con- 
spicuous urinary energy losses are incurred by other nutrients. Moreover, 
as previously noted, gas production in the digestive tract involves losses of 


uters/30 min 
22 . 



8 12 16 20 

TIME AFTER FEEDING 

Fig. 2.4a— Tinu' course of composition of rumen gas in Jersey cow 83F' following 
feedings of alfalfa liay; grass; alfalfa hay and grain. 

partly oxidized products. It will be shown in Chapter 5 that the metaboliz- 
able-energy category, obtained by deducting these losses from the digestible- 
energy category, is about 85 \wv cent of the TDN (digestible-energy category) 
in cattle and about 93 per cent of the TDN in rabbits, the exact percentage 
depending on the plane of nutrition, balance lietween nutrients, and especially 

the amount of fermentable material fed. 
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The net-energy category in nutrition corresponds to the free-energy change, 
AF , in thermodynamics. Armsby-' built liis famous cattle-respiration calo- 
rimeter for the purpose of measuring this net-energy category of nutrients. 
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Fig. 2.4h— Time courso oi roinposiliim tti ninicn j;as in Jnrst'v row after feed- 

ing of grass. 

Unfortunately, it is more dillicult to e\'aluate the net energies of feeds tluui 
the free energies of chemical reactions. Fhe net-energy category has not, 
therefore, come into practical use in the feeding of farm animals. Instead 

Armshy, 11. P., “Nutrition of Fanu Animals", 1017. 
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the digestible-nutrient category, termed for short TDN, is commonly used in 
the feeding of farm animals.-® 

TDN = digestible carbohydrates + digestible protein -|- digestible fat X 

2.25. 

The conversion of weight units, such as grams Or pounds TD N, or metab- 
olizable nutrients, or net-energy nutrients, to Calories offers difficulties. The 


LITfRS/^o MIN. 
50 




HRS. -2 


^TIME Wr. FEEDING’ 


Fig. 2.4c— Time course of composition of rumen gas in Jersey cow 83F' after a feed- 
ing of alfalfa hay and grain. 

average heats of oxidation of the three principle foodstuffs in a bomb calorim- 
eter are estimated®® to be 


Carbohydrates 

Fats 

Protein 


4.10 Cal/g 
9.45 Cal/g 
5.65 Cal/g 


1860 Cal/lb 
4287 Cal/lb 
2563 Cal/lb 


21 Mni rison F B “Feeds and Feeding”, 1936, presents extensive FDJV tables. 

2 .,, F -e J \ ’U ’S Dept .\Kr. Bureau of .\nimal Industry, Bull. 94, 1907 Armsby, 
; . W O and Bryant, A. P., “The chemical composition of /American 

!;:o<G'natmSL^-, U^’. Dept Agc'^Bull. 28, 1903. Benedict, F. G., and Atwater, W. 0., 
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It must be emphasized that there are very wide variations in individual 
determinations.^® 

The convention had developed among students of human nutrition^® to 
multiply the grams carbohydrate in the diet by 4, the grams of the protein 
in the diet by 4, and the grams of fat in the diet by 9, and assume that the 
result represents the physiologic fuel value (metabolizable energy Cal) of the 
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. Fig. 2.4(l-T inu» cour.sc of i‘vtin|)t>sitiot» of niiuon in .Ioi-st\v vow SiU*' after a footl- 
>1*8 of ftifuifa hny. 

diet. The dilToromr betwtvn these 1:1:9 physit»logie-fuel faetois and 
4.10:5.05:9.45 bomb-ealoiimeter i*onve**sii»n valiums |>n'\ieusly eitinl is ;us- 
sumed to ivpivsenl the dietary lt)ss(*s in the nrini' (emagy of en'atinine. unai, 

7'f.i bull. Kill, KHKI. Ili’inalnt ainl Milini. /./.Uni! 17.’». I’.KIT liuKnei , \| . Mie 

iiCHOtatMlert I'auM’nieveiln aueliH lit‘i (lei I inaloiin^ , ItHtJ Sluanian. II I ' , "I 'lu‘ini>t i \ 
of Koiul inul Ntlti'ilion", Mai’intllan, Kainhdt and ll(iin>1ein. /.h’ vit ‘ Inlerna 

livuud ('ritioul d'ahli's". /(»('. ei/. Ma>nard, I \ . "Anitna! Nnliitidu”. 10.17. 

*®Sluu’Uiau, II. I'., /or. ri/.; I'lnillield, I' . and Vdain.-i. (! , “l ompdation of -Vmerie.HU 

food matoriulH**. V. S. I)e|>l Ari* (‘ireular 510. 1010 



32 


BIOENERGETICS AND GROWTH 


etc., amounting to about 1.3 Ca)/g protein), feces (assumed 2 per cent loss for 
carbohydrates, 5 per cent loss for fats and 8 per cent loss for proteins), and 

fermentation gases. 

There is no agreement for the conversion of animal feeds to metabolizable 
energy. Some authors estimate the metabolizable-energy values in rumi- 
nants by assuming that they produce 4.5 g CH 4 per 100 g digested carbo- 
hydrate, and that this CH 4 together with the associated CO 2 has a thermal 
equivalent of 60 Cal per 100 g, or 273 Cal per lb, of digested carbohydrate^* ; 
and that the urinary energy in cattle is between 4 to 5 per cent of the gross 
feed energy (Ch. 5). Armsby^^ reported (for cattle) metabolizable values of 
1600 Cal (1500-1700) per pound TDN for roughages, 1830 Cal (1720- 
2200) for concentrates, and 1660 Cal (1580-1870) for mixed rations. Chris- 
tensen and Hopper®^ reported (for sheep) 1670 Cal for roughages and 1690 
Cal for mixed rations. Forbes and Kriss^^ reported 1690 Cal metabolizable 
energy per pound TDN, or about 3.6 Cal per g TDN. In the interest of 
uniformity the writer suggested^® that the TDN he converted to Calories 
by multiplying g TDN by 4, or lbs TDN by 1814, or oz TDN by 113.4. 
The resulting caloric values would represent, roughly, the metabolizable 
energy of the TDN. The conversion factor 4 Cal/g TDN is somewhat too 
high for ruminants and somewhat too low for omnivors and carnivors. In 
any case, the given conversion factor is a rough estimate, and its relation to 
the actual metabolizable energy necessarily depends on the nature of the ra- 
tion and in mminants on the amounts of mmen fermentation. To avoid 
complications with consequent misunderstandings, we say that our efficiency- 
computations in this book will be based in most cases with respect to con- 
sumed TDN, assuming that \ g TDN is equivalent to 4 Cal or 1 lb TDN to 

1814 Cal. 

The above considerations make it evident that the apparent efficiency of a 
biologic process, as defined by equation (1) (Ch. 1) depends on the nutiient 
category used as reference base [denominator in eq. (1)]. The apparent effi- 
ciency is greatest when employing the net-energy category in the denominator 
as reference base, and least when employing the gross-energy categoiy. Foi 
muscular work, the efficiency with respect to the net-energtj category is repie- 
sented by the rate of oxygen consumption of work above rest, thus: 


Net efficiency work accomp lished in Cal, equivalents 

of work ^ oxygen consumed at work above rest in Cal. equivalents 


31 Kollnpr llandiv Vers -Stal., 63, 415 (1900)) reported 4.2 to 4.3 g CH 4 per 100 g 
earholndrates digested. Armsby (“Nutrition of Farm Animals”, p. 638) reported 4.8 
ff Clh i'or and 4.7 g for concentrates, . 

^ 32 \nnsbv H P., “The Nutrition of l*arm Animals^ , p. 2 
( ’oll(*g(^ Huil! 42' 1910, on “Net Kn<Mgy for Ruinmants’b 


278. See also Penn. State 

■3 ( iHislemsen, F. W. and Hopper, T. H . “Digestible nut nentsani^ 

cnei gv in certain .silages, hays, and mixed rations , ./. -Iff/ . Rcs., b7, ' ^ , . 

31 Forbes E. B., and Kriss, iM., Proc. Soc. Aiumitl Pruduciwn p. U.il (1931). 

33 Brody, S., “Report of the conference on energy metabolism , National Research 

t ouncii, Wasliington, 1935. 
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If the Calorie equivalent of oxygen consumed is replaced by the Calorie 
equivalent of the total feed consumed, the apparent efficiency will be only 
50 per cent of that when oxygen is used as reference base, since the net energy 
of herbivor’s feed is about 50 per cent of the gross energy. 

2.4: Summary and appendix. Section 2.1 discusses the principles of thermo- 
d 3 Tiamics and their relation to biology and especially to agriculture. The 
thermodynamic uniqueness of the agricultural industry is that it increases 
the local available free energy (or decreases the entropy) for man's use by 
utilizing the solar radiant energy which would otherwise be lost. It appears 
that, with one or two exceptions, all other human activities lower the local 
free-energy^® reservoir. This explains the national importance of agriculture 
in general and of soil conservation in particular, since soil is the basic national 
resource, the thread that binds us, by way of plants, to the source of all 
energy, the sun. 

Some attention is given to the philosophic aspects of the applicability of 
the principle of degradation of energy to such constinctive processes as growth, 
development and evolution of organisms. An attempt was made to bring 
out formal analogies between nutrient and thermodynamic categories. 

The following symbols and definitions were used in Section 2.1. 


AS: 


AF: 


Aff : Change in internal energy ot a system during a process. At" is often einployetl 
synonomousiy with A^*. 

A//: Change in heat content associated with a process, as in the heat of combustion 
or heat of formation. This includes pressure-volume energy as indicated by the 
relation A// = AE -f A(P7) and by All = AE + FaV, irj which A(/^D represents 
change in pressure volume product and PAY is work done by or upon the system. 

Carnot Cycle: a theoretical sequence of operations converting heat at a higher tempera- 
ture, 7'i, to work plus heat at a lower temperature, 7\.. 

A5: Change in entropy, in bound energy, in low-grade energy, in randomness, not 

convertible to work. 

Ai^ : Change in free energy, which is capacity to do work or in the tlieoretically ob- 

tainable maximal useful work from the reaction at constant pressure and tempera- 
ture. AF = All — TaS is the fundamental thermodynamic e(iuation for a process 
at constant pressure ami temperature correspondii\g to C'arnot’s equation for a 
process involving a temperature gradient. (When tliere is also pressvire-volume 
work, the maximum work incUuling this pressure value is represented by A. I, 
and AF - A. I - PAY.) 

T: Absolute temperature = Ontigrade temperature, /, -}-273°. 

Absolute temperature scale (named after Lt>rtl Kelvin) for which the zero is 

-273. rc. 

In: Natural logarithm, 2.302t> times the common logarithm. 

Haseof natural logarithms, 2. 71S2S. 

Faraday — t)t>,5(H) coulombs « 23.07 Cal 

7 : Heat absorbed [vq. (2.1)|. 

n>: Work done (ecp (2.1)|. 


T: 

K“ 

In; 

c: 

F: 

7: 

XV : 


“ Cy. Ostwald, Wilhelm, “Her Fnorgetische Imperative", l.eipzig, lOP.t The itupcra 
tivo nuuls, "Waste not free *'ncigy. treasun' it and make the best use of it", hi ISSG 
Holtzmann exi)ressed the same idea: “'I'iu' struggle fv»r existence is a struggle for free 

energy'*. 
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R\ Gas constant = L987 Cal/degree = 8.31507 joules/degree = 8.31507 volt- 
coulombs. 

n: Number of equivalents or mols involved. 

Cp: Heat capacity at constant pressure per mol. 

Cv\ Heat capacity at constant volume per mol. 

OO 2 ' c.mm. of O 2 taken up per mg dry tissue per hour; QcOj: = c.mmCOa given out per 
mg dry tissue per hour. 

Section 2.2 discusses the en,ergy units employed in agricultural bioener- 
getics, especially as they relate to farm animals. It is suggested that the kilo- 
gram-calorie, designated by Calorie with a capital C, be employed as the basic 
unit. Armsby's Therm, or mega-calorie, is 1000 Calories. The following 
conversion table shows several interrelations. 

(See following pages for caloric equivalents.) 

Section 2.3 discusses the four feed and nutrient energy categories: net energy, 
metabolizable energy, digestible energy and gross energy, also the heat incre- 
ment of feeding (SDA) and the fermentation, urinary and fecal energy losses. 


SDA: “Specific dynamic action”, the heat increment of feeding above the post-ab- 
sorptive level. It is analogous to the entropy term, TaS, in thermodynamics. 

N,E.: Net energy is the gross energy (combustible energy of the original material) 
less the fecal, urinary, fermentation-gas, and SDA energy. It is the energy 
convertible into the maximum amount of work, milk, egg, meat, etc. It is 
analogous to the free energy term, AF, in thermodynamics. 

M.E.: Metabolizable energy is N.E. plus the SDA, N.E. = M.E. — SDA. It is the 
gross energy less the fecal, urinary and fermentation energy. It is analogous 
to the All term in thermodynamics. 

D.E.: Digestible energy is gross energy less fecal energy. 

TDA': Total digestible nutrients = digestible carbohydrates -f digestible protein + 
digestible fat X 2.25. 1 g TDN is estimated to be roughly equivalent to 4 Cal/g 
or 1814 Cal/lb. The exact value depends on species, plane of nutrition, balance 
between nutrients and other factors, and is, therefore, subject to correction and 
even debate. The average color imetTic-comhustioix values are, however, fairly 
definite, about 4.1 Cal/g for carbohydrates, 5.6 for protein and 9.4 for fat. 


It tvill be shown in Chapter 5 (Fig. 5.4) that empirical observations on 
cattle yield the following energy values for the several categories. 


Cattle 

Rabbit 


Gross energy of feeils 
{heat of combustion) 

(Cal/g) (Cal/lb) 

4.5 2000 

4.5 2000 


Digestible 

energy 

(Cal/g) (Cal/lb) 


Metabolizable energy 
(physiological fuel value) 

(Cal/g) (Cal/lb) 


Net energy 
of feed 

(Cal/g) (Cal/lb) 


Cattle 

Rabbit 


Digestible energy, 
% of gross 

71 

61 


3.2 1600 2.7 

1200 

2.2 

1000 

2.9 1300 2.7 

1200 

2.3 

1000 

Percentage values 

Metabolizable energy, ^.'0 o( 
gross digestible 

gross 

Net energy, % of 

digestible metabolizable 

60 85 

49 

69 

81 

60 93 

51 

79 

S5 


In general, the heats of eunibustion of nutrients vary directly with tlie 
li> (lrogen and carbon content, and in^'ersely with the oxygen content, roughly 
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Approxwiate Combustion VabieSf Cal/g 


Carbon 8 

Hydrogen 34.5 

Sulfur 3.2 

Methane 13.3 

Ethyl alcohol (CaHsOH) 7.07 

Glycerol (C3H5 (OH ) 3] 4.3 

Glucose (CeHiaOs) 3.75 

Sucrose (C12H22O11 ) 4.0 

Lactose (Ci2H220n ) 4.0 

Starch (CeHioOs) 4.2 

Acetaldehyde (CHsCHO) 6.12 

Acetic acid (CH3COOH) 3.49 

Propionic acid (CoHsCOOH) 4.96 

Butyric acid (C3H7COOH) 5.95 

Palmitic acid (C16H32O2) 9.35 

Stearic acid (CnHasCOOH) 9.53 

Oleic acid (C18H34O2) 9.5 

Tributyrin (CisHasOe) 6.4 

Olive oil 9.4 

Hog fat 9.5 

Sheep fat 9.5 

Butterfat 9.2 


Succinic acid [C2H4(COOH)2] 3.0 

Oxalic acid [(COOIUo] 0,668 

Citric acid (CellsO?) 2.478 

Lactic acid (C2H5OCOOH) 3.66 

Urea (CII4ON2) 2.528 

Creatinine (C4H2N3O) 4.6 

Creatine (C4H9O2N3) 4.24 

Uric acid (C6H4O3N4) 2.74 

Glycin (C2H5O2N) 3.11 

Tyrosin (C9H11O3N) 5.915 

Alanine (CsHtNO:)) 4.35 


Urinary nitrogen substances in 
rats on casein diet: 3.059 Cal. 
equivalent to 6.67 lit. O2 or 5.47 
lit CO2 


Wood, sugar, charcoal 

8 

Gluten 

6 

Hemoglobin 

5.9 

Casein 

5.7 

Kgg yolk 

8.1 

Kgg albumin 

5.7 

Muscle 

5.7 


Heals of Combustion of Nutrients or Feeds* 


Heats of combustion in terms of 
several commom units 


Klcmental Composition 


Starch and glyt^igini 
Siicro.st* 

Glucose 

Pat 

Protein 

Urea 

Creatinine 
Com meal 
Straw 
Hay 

Soybeans 
\yheat bran 
Linseed oil meal 
Average cattle and rab- 
bit ration 


4.1 

4.0 

3.5 
9.45 
5.65 

2 . 5 

4.6 
4.4 

4.4 

4.5 

5 . 5 

4 . 5 

5.1 


4200 
4000 
3S(H) 
9100 
5700 
25tHI 
46(H» 
44(H» 
4400 
4500 
551H) 
4500 
5 UK) 


4.5 I 45tH) 2010 


** ('onversion factors uslhI: 1 kg = I 
453.6 g ■: 0.4536 kg; I oz = 2S.35 g. Sc< 

iiitrd, and others (or sources *>( data. 
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in proportion to the combustion values of hydrogen, carbon, and oxygen as 
indicated in the following table. (The heat of combustion of hydrogen in 
Cals/g is 34,5; carbon 8.08; sulfur, 3.2; methane, 13.35; ethyl alcohol, 7.07 ; 
the heat equivalent of oxygen is 2.6 to 3.4 Cal/g or 4.7 to 5.1 Cal/liter), The 
average heat of combustion of carbon in tissue is assumed to be the same as in 
glucose, 113 Cal per gram atom of carbon. 

The following tables list additional illustrative values of heats of combus- 
tion of nutrients, feed stuffs, and several familiar substances and other equiv- 
alent values used in this book. 


Table of Energetic Equivalents 

Metabolic water from nutrients 
100 g protein yields 41 g H 2 O 
100 g fat yields 107 g H 2 O 
100 g CH yields 60 g H 2 O 

Heat equivalent of O 2 OLnd CO 2 

1 liter O 2 = 5.14 Cal for glycogen 

4.4 Cal for oils (cottonseed, cod liver, corn, etc.) 

4.6 Cal for fat (as butterfat) 

4.6 Cal for protein 

5.06 Cal for starch 

5.08 Cal for sucrose 

4.8 Cal for hay 

22.4 ht. O 2 ^ R Q 10 , and 4.69 at R.Q. 0.70, and 4.825 at R.Q. 0.82) 

= app. 15,500 ft-lbs (15,580 to 14,470) = 2134 kg-m (2155 to 2001). 

= 5 to 6.7 Cal (5.05 at R.Q. 1.0, and 6.7 at R.Q. 0.70). 

= 2.5 to 3.4 Cal (2.57 at R.Q. 1.0, and 3.41 at R.Q. 0.70). 

. „ = 3.5 Cal (3.53 at R.Q. 1.0, and 3.28 at R.Q. 0.70). 

(Note: At 0° C 760 mm pressure and 45° lat. 1 lit. CO 2 - 1.9652 g; 

1 lit. Oi = 1.4292 g; 1 lit. air = 1.2928 g; 1 lit. 
water vapor = 0.8038 g; 1 g water vapor = 1.2440 liters). 


1 lit. 62 

1 lit. CO 2 
1 g CO 2 
1 g O 2 


Calories 

1 Cal 

1 cal 
1 Btu 


1 kg-cal = 1000 gm-cal = 3.968 Btu at 60° F = 4185 joules 

3086 ft-lbs = 426.7 kg-meters nnaiaa i:t 

1 gm-cal = 4.185 Joules = 42670 g-cm = 41.3 cc-atin = 0.04133 lit-atm 

0.252 Cal at 15° C = 778 ft-lbs 


Work units (force X distance) 

1 ft-lb = 0.1.382 kg-met = 0.000324 Cal = 
1 kg-meter = 7.233 ft-lb = 0.002344 Cal = 
1 hp-liour = 1,980,000 ft-lbs = 641.3 Cal 
1 joule = 0.2423 Cal = 10,000,000 ergs = 


0.001286 Btu = 0.0005 ft-tons 
: 0.009298 Btu 

10,198 gm-cm = 0.00987 lit-cm 


1 hp (horsepower) =^33,000 ft-lbs per minute (or 550 ft-lb/sec or 1,980,000 ft-lbs 
‘ per hour 

= 4562.4 kg-m per minute 
= 746 watts = 0.746 (about 3/4) kilowatt 
= 2.1 liters o.xygen/min = 10.7 Cal/min — 642 Cal/hr 
watt = work at the rate of about 1/4 Cal/sec 
kilowatt = 101.9 kilogram-meters per second 

= 737.56 foot-pounds per second 
= 1000 joules per second = 10,000,000,000 ergs per sec 

1 kg-iu/sec = 9.81 watts 
\vatt-!iour = 0.85968 Cal 

nlw'tm : £m'- 74 73 S-lbs - 101.32 joulss - 24.207 cl - 0.09607 Bt« 



Chapter 3 

Energetic EflSciencies of Growth and Work Processes 


Waste not free energy; treasure it and make the best use of it. Wilhelm 
Oslwald 

While there is no sharp dividing line between the two, it is convenient to 
divide agriculturally productive processes into two general classes (1) work 
and (2) growth, including “growth” of fat, milk, egg, wool, etc. 

Thus defined, “growth” means the constructive or assimilatory synthesis 
of one substance at the expense of another (nutrient) which undergoes dis- 
similation. This is only one definition of growth; others will be considered 
in Chapter 16. In thermodjmamic terms, the energetic efficiency of growth 
is the ratio of the growth work performed to the free energ}'^ expended. Tradi- 
tionally, however, the energetic efficiency of growth is defined by the ratio of 
energy stored in the organism by the nutrient energj’^ consumed. 

3.1 : Energetic efficiency of muscular work and the maintenance complica- 
tion. Equation (2.2) indicates that the theoretically maximal efficiency of 
the Carnot heat engine is, under the usual temperature conditions, about 50 
per cent. The maximal efficiency of actual heat engines is up to 20 per cent 
for steam engines, up to 25 per cent for gas engines, and 40 per cent for die.'^el 
engines. The average efficiencies are, of course, below maximal estimates. 

Animals, however, operate not by virtue of changes or differences in tem- 
perature and pressure, as do heat engines, but by chemical energy operating 
at constant temperature and pressure, and the efficiency of isothermal con- 
verters, as of some electric transformers, approaches 100 per cent under cer- 
tain conditions. Thus the efficiency of a slow-charging and discharging cad- 
mium standard cell is almost 100 per cent [eq. (2.5)]. Furthermore, the free 
energy, AF, of the major body fuel, glucose, is practically identical with its 
heat of oxidation. All, at constant temperature and pressure [eqs. (2.7a) and 
(2.7b) ]. The efficiency of muscular work might, therefore, be expected to be 
niuch higher than that of a heat engine. 

Actually, however, the maximal efficiency of muscular work in our horses, 
after deducting the “wastes” for maintenance and walking without Knid, was 
observed to be no higher than the maximal efficiency of the Carnot engine, 
not over 40 per cent (Ch. 24). 
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We measured work -performance in horses by the method illustrated in Fig. 
24.1 (p. 901), by multiplying the weight pulled, W, b}^ the distance pulled, 
and the energy expenditure of these horses by the rate of oxygen consumption, 
assuming that virtually all energy was obtained by oxidation of glucose, as 
no doubt it was. The energy from the glucose thus oxidized [eq. (2.7)] is 

the heat of reaction, A H, which as previously noted is virtually identical with 
its free energy, AF. 

No work was expended for moving the treadmill, which was actuated at 
desired speeds by an electric motor. 

The energy expended by the animal included the following items : 

1. Work accomplished 

2. “Basal metabolism” 

3. Heat increment of feeding (SDA) 

4. Standing, above that of lying 

5. Walking without load, above that of standing 

6. Overcoming internal resistance (viscosity of muscle colloids) 

7. Overcoming external resistance (wind, contact of feet with ground, 
etc.) 

8. Useless incidental movements associated with pulling 

9. Additional internal work of circulation, respii’ation, excretion, muscle 
tension, etc. 

10. “Recovery” processes (see Ch. G) 

To simplify matters, we measured the oxj'^gen consumption during: (A) 
standing, which covers items 2, 3, and 4; (B) walking without load, item 5; 
and (C) pulling the load, item 1. Item 10 was insignificant under the given 
conditions. 

We then had three categories of efficiency : 

Gross (or total*) 
efficiency of work 

Net (or partial!) 
efficiency of work 

Absolute 

efficiency of work 

The oxygen consumed in Calories, of course, corresponds to A H in thermo- 
dynamics. 

It is obvious that the value of the gross efficiency [eq. (3.1)] will depend on 
the speed of work. The longer the time taken for performing a given quantity 

* The term “gross’" is preferred to “total” efficiency in order to avoid the implication 
that we are dealing with “total” energy changes. 

t The term “net” is preferred to “partial” because of the well-established usage for 
“net” (all reactions and efficiencies are in a sense partial). 


_ useful work accomplished (Cal) 

O2 consumed (Cal) 

useful work accomplished (Cal) 

O2 consumed during work above that of rest (Cal) 

useful work accomplished (Cal) 


Og consumed during work above that of walking 

at the same speed without load (Cal) 


(3.1) 


(3.2) 


(3.3) 
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of work — ^that is, the longer the time of holding the muscles in a state of un- 
productive tension — the greater the overhead maintenance cost (items 2 to 4 
above). On the other hand, the greater the speed of work, the greater the 
energy cost of the moving muscles in overcoming the internal resistance of 
the viscous colloids which make up the body. The gross efficiency of muscu- 
lar work as a function of speed must, therefore, be of a rising and declining 
type (Fig. 24.3, p. 904) as it is for such machines as automobiles (Fig. 24.4, 
p. 905). 

The speed or time factor also affects the net [ecj. (3.2)] and absolute [eq. 
(3.3)] efficiency because the energy expenditure for overcoming the internal 
resistance of the body colloids differs with speed. Speed of work affects the 
efficiency in animals in a manner somewhat analogous to that of temperature 
and pressure on the free-energy values of chemical reactions, or on the work 
efficiency of Carnot’s engine. 


It is important to note, on tlie basis of the data in Cliapter 24, tliat for given pliysio- 
logic work levels the offieiencies, gross, net, and absolute, are the same in (large) Per- 
chcron horses, (small) Shetland i)onies and (still smaller) men. .\t a given physiologic 
ago and condilioti the efiicueney of work is independent of the size of the animal. 

The observed maximal edicieney of museular work in horses on treadmills will be 
shown in Chapter 24 to be of the order of 2.') per cent for gross efliciency [eci. (3.1)|, 2S 
per cent for net efliciency [e(i. (.3.2)], and 3.') per cent for ab.solute efliciency [eq. (3.3) |. 

Fenn', and Hill and as.sociate.s^, rcport(‘d efliciency computations of a different but 
related kind. Hill’s comimlalion on the theoretical maximnm muscular work efliciency 
is based on the consideration ol tin' eiu'rgetics of an isolated frog-muscle strip. Hill 
imagines a reversible ('ycle- similar to the PI or ( arnot cycle in \\ Inch the maintenance 
and related elements do not (‘nter as complicating tactois. I mler such theoretical 
conditions, the “theoretical maximum work” was computed to be about 40 per cent 

approximately the same as for the t'arnot engine. 

Of this 40 per cent theoretical elliciency perhaps 00 per cent is, according to Hill, 
actually recoverable as work. What becomes of the remaining tlu-oretically reeoverable 
•fO por cent work energy? Hill thinks it is expende.l in overcoming the internal resist- 
ance of the body colloids. This resistance is wasteful of energy, but is useful to the ani- 
mal because without il, he would “tear his lemlons, br.-ak his bones, ‘pull’ his muscles, 

f^train liis joints”. 

Fenn computed a maximum gro.ss um k elliciency of 23 per cent Iron, data on the nm 
ning of a matt (canying himself no external load as m our hoises). The work per 
formed when running .U maximnm spe.-d \\;is computed to l>e .at the rat.- ol 2 'I.') h|) and 
energy expended at the rale of 13 hp. Of the 13 hp expended 7 ,s hp tliO per ce.it > «as 
estimated to represent “waste of iccovery”, and 5 2 hp Oil per cent), •■iml.al" tan.aer- 
ohie) phase of musele contraction 2 -15 hp of llw -.niltar’ energy t22 ti ,vr ce.,t of the 
total 13 hp or 57 per eeni of the ••initial" 5.2 hpl u.'.s ..sed lor «ork apporl.oned .-us fol- 
lows: l.tkS hp (51).',) per cent of the 2.115, or 12 H per c.ml of the 13 hpl lor acceleration of 
limbs; 0 07 h)) ('2'> 7 per cent of 2.1)5, or 5,2 per ciml ol 13 hp) in fpetion of loot «ith 
Kcound; tl.ltl hi. t3.4 per cent of 2 115, or D 77 per cent of 13 hp) for overconnng gravity, 
t>d3hp(l,4 pereeni of 2 1)5, or I pei ceni of 13 hplinumd rcMsIance t ..like llill, l ent. 


'Fenn,W.t).,.ta,,,/ /’/i-tsm/ , 90. 313. 1-.2-. 92 5S3, 

'Funisawa, K., llill, V.. ami I’ark.n.son, .1 I. , / m, /.oy .S.s 102B. 

(U»'.>7 8). 


■2.N. 43, Iksil 
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attributes much of the energy loss to overcoming external rather than internal viscosity 
resistance. Unlike Fenn’s and Hill’s running men, our working horses incurred no 
appreciable oxygen debt, so that Fenn’s theoretic computations are not quite applicable 
to our working-horse data. None the less, these figures Should be suggestive. 

A basic difference between the work of an animal and of an engine is that 
the animal expends energy even when not working. The all-day or all-life 
energetic efficiency of an animal is, therefore, a complex function, among other 
factors, of the percentage of time spent for the work. The energy cost of 
maintenance tied up with the time factor is, aside from the economic aspects, 
a central problem in biology and agriculture which, necessarily, will frequently 

come up in this book, in various guises. 

3.2: Energetic efficiency of growth and the maintenance complication. 

The growth-process category of biologic transformations is largely in the 
nature of storage: in higher animals and man the proteins, carbohydrates, 
fats, minerals, and vitamins in the diet are transformed into body, milk, egg, 
and so on, containing the same or derived substances. The situation is more 
complex in the case of bacterial and plant growth. The purely storage aspect 
of growth may be of no particular thermodynamic interest, but there is prob- 
ably a work aspect to growth which is of thermodynamic interest. 

Thus, the growth process involves creation and maintenance of: internal 
surfaces, differences in electromotive potentials, and differences in osmotic 
pressure, especially such as are involved in secretion, excretion, absorption, 
and in general transformation of amorphous nutrients to complex organisms. 
The configuration of the living organism, as for example, the newly-hatched 
chick, is on a quite different physico-chemical level from that of the yolk, 
white, and shell from which the chick developed, and it is, therefore, reason- 
able to assume that growth includes a work component involved in changing 

the configurations from that of food to that of organism. 

In addition to the “ work-of -growth” component, there are many irrevers- 
ible free-energy losses which may be lumped together under the heading of 
“maintenance cost”. Life is, so to speak, a flame, and simultaneously with 
the growth, building-up, process, there is a continuous oxidation, levelling, 
or catabolic process as predicted by the second law of thermodynamics. This 
“maintenance cost” is, perhaps, in part at least, the price paid for maintaming 
the thermodynamically unstable and statistically improbable complexly 
living, growing, evolving configuration, in the face of the opposite tendency of 
levelling disorganization to increase in entropy, as predicted by the second 
law of thermodynamics. Here speed of growth, size of body which has to be 
maintained, age on which speed and body size depend, and liberated catabolic 
enzymes enter as complicating elements in the estimation of the work of 

growth. . 

3.2.1: Efficiency of growth of bacteria: yeasts: and molds. The energetic 

efficiency of growth of bacteria, especially of autotropic bacteria, is surpris- 
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ingly low. Burk^ reported a gross efficiency of about 3 per cent for the bac- 
tenal conversion of atmospheric nitrogen to ammonia. Meyerhof** reported 
an efficiency of about 6 per cent for the assimilation of carbon from CO2 
(by nitrobacter) with the energy obtained from oxidation of nitrites to nitrates 
Meyerhof’s computations on the basis of the observed N/C ratio and assump- 
tion that the bacterial-body carbon has a combustion value of 113 Cal per 
gram atom of carbon (the same as in glucose, which according to Parks is 118 
Cal per gram atom) was substantiated by Baas-Becking and Parks® on the 
basis of free-energy considerations. These authors also worked o^’er Ruh- 
land’s® data Avith respect to the free-energy efficiency of bacteria which obtain 
their energy for reducing CO2 into body tissue by oxidizing hydrogen. The 
efficiency of this assimilation is among the highest, about 26 per cent. (Eight 
mols H2 are oxidized for the reduction of 1 mol CO2 ; H2 + ^02 = H2O, AFsgg = 
—56 Cal; the assimilation of 1 mol CO2 to C6H12O6 requires 118 Cal, g of 709, 

see eq. (2.7c). Therefore, the efficiency is X 100 = 26 per cent.) 

00 X o ' 

As previously fexplained, the gross efficiency of growth of bacteria, as of 
other organisms, tends to increase with the speed of growth, since the major 
proportion of irreversible energy loss is associated with what is called 
“maintenance”, a tax which must be paid regardless of whether or not the 
organisms grow. Thus, according to one obser^'ation^ whereas during the 
first 10 days of growth of bacteria, when growth was most rapid, the gross 
efficiency was about 20 per cent, the growth efficiency during a 30-day period 
was 12.5 per cent because the organisms made very little growth in the last 
20 days although the maintenance expense continued. Similar results were 
reported by Rubner* and others on other species of bacteria. 

The gross energetic efficiency of yeast growth appears® to be of the order 
of 10 per cent, the exact value depending on the rate of growth. 

Rubner*®, Avho was particularly interested in the influence of body size on 
maintenance cost, observed that (he energy cost of maintenance, in terms of 
Calories per day per gram body nitrogen, is 1.0 fur an adult man, 3.0 for a 
child, 3.0 for a dog, 15 for a mouse, 17 for a sparrow, and 20 to 60 for common 
bacteria, depending on species, (empc'ialure and so on. Other conditions 
being equal, the smalU-r the organism, that is, the gri'ater the ratio of surface 
area to weight, the higher the mainteiianee ta)st per unit weiglit. 

A possible objection (o Hubner’s reasoning as it relates to bacteria is that 
dead bacteria nmy have a^ gn^at a ''maintenance cost” as live ones, because 


* Ihirk, 1 )., //(/(•/'/(. ('oitij. Soil Nc/.. 3 . iu 
^ Moyoiliof, ()., /*//(/(/(•/' Airh. f/iN. i'htfsioL, 164. (lltUU. 
^ hmis Hocking and barks, /7i//.s'n»/. 7. Sa (lUCrv 

k ••• ft a. ^ . 


anil i aiKs, i nifSHn. uti ., (in.j i. 

* Huhlanil. W., Johrh. W tss. Hoi., 68. :rjl d'ljl) 

’Tangl, K,, “I'lncrgi'l ik dor taitw irklnnii,” Hthujtr's \rth . 98. ITo (UHrd 
^ ** Huhnor. M., “l']nerijir\ crlnanrh itn l.rluMi dcr M irroorjianisnion ” \rrh aq 

KU Ut'O(i), '''A //.-/!;., 48. 

“ty., for oxainplo, Prown, II. 'I\, “Studios 4tn \oas(." .Inn. Hot , 28. 197 il914) 

*** Rubnor, M., “Kraft und StolV in lloushalto dor Natur,” l.iopiiK, uV)9. 
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as indicated hy Buchner’s^^ epochal discovery, cell-free bacterial extracts 
ferment sugar, and bacterial cultures always contain a large proportion of 
dead and autolyzing cells and considerable concentrations of the bacterial 
enzymes. Buchner’s discovery, incidentally, marks the beginning of the 
modern era of enzyme chemistry. In brief, the fermentation speed is not 
necessarily a function of the bodily need, or indeed even related to the body, 
but varies mth enzyme concentration, often liberated on the death of the 


organism. 

It is possible that simUar purposeless irreversible free-energy losses occur in 
bodies of higher organisms, a sort of tax to entropy, similar to that on con- 
version of heat to work in a heat engine. It is, at any rate, doubtful that the 
basal metabolism is simply the work of the physiological processes, such as 
that of circulation, respiration, secretion, excretion and muscle tonus. The 
energy expenditure for blood circulation under basal conditions is vaiiously 
estimated from 5 to 15 per cent of the total ; for excretion (kidney), 5 per cent 
of the total ; for respiration, up to 15 per cent. Krogh'^ estimates that the 
energy for the functional activities made under basal conditions amount to 
about 25 per cent of the total metabolism. How is the remaining 75 per cent 

of the basal energy expended? 

Brown^ reported the interesting observation that the heat production of a 
population of non-growing yeast is about 100 times that of an adult man of 
equivalent mass ; and that growing yeast generates considerably less heat 
per unit substrate fermented than do non-growing. This indicates the 
danger of extrapolating maintenance values from non-growing to growing 
organisms. Moreover, it may be illogical to do so because “maintenance 
properly refers to a steady state, whereas growing organisms are not in a 

steady state. v, u- u . 

The energetic efficiency of growth of molds is, apparently, much highei 

than that of bacteria and yeast. Terroine and Wurmser'^ reported a gross 
efficiency (including maintenance) of about 60 per cent, of the same orikr 
as of the chick and silk-worm embryos (sec below) m contrast to an effi- 
cienev of 10 to .30 per cent for bacteria and yeast. The greater efficiency of 
molds imu' he attributed to more rapid growth and to greater control of cata- 
bolic enzym(> activity. On the other hand, this difference may be due to 
methodologic research differences. While bacterial and yeast cultures con- 
tain a high concentration of catabolic enzymes liberated by autolyzing and 
iierhaps li\'ing cells, the mold mycelia are harvested quantitatively before 
they autolyze If a method were employed for harvesting bacteria and 
yeast cells prior to their loss or excretion of catabolic enzymes, the efficiency 

of the two might. Ix' the same. 

" PucliiHT. II., “.Mkcliulisrlie (laniiig ohne Hefezellen,” Her. </<-«/. chviii. Gcs., 30, 

' ' ’'“Tlie ,(..s|.ii'al<.ry exchange (.r animals ami inan,’’ I’j 

'rtM-roiiu*, I'l., and Wunnser, R., Bull. Soc. Chim. Biol.y 4, olJ {\j2Z). 
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The net efficiency (not including maintenance) of mold growth was esti- 
mated by Terroine and Wurmser to be about 72 per cent. But, as for yeast 
and bacteria, one may question the significance of maintenance as obtained 
on a non-growing organism in relation to the maintenance cost of a normally 
growing one. 

3.2.2: Energetic efficiency of prenatal growth. The bird, insect, or fish 
embryo is particularly suited for growth efficiency investigations because of 
the complete control of the organism, the definiteness of the nature of the 
nutrients, and the convenient relative isolation (Needham calls it cleidoic 
or closed-box system) from complicating environment. The gross energetic 
efficiency of growth of the chick up to hatching is obtained by estimating the 
combustion values of: (1) the egg, (2) the newly-hatched chick, and (3) 
the unused part of the egg, such as the left-over yolk and membranes. 

Such measurements on the energetic efficiency of embryonic growth of the 
chick, silk worm, and fish were made by TangT^ and his pupils. Tangl’s 
aim was to investigate what he termed Entwicklungsarheit^ the “work’' of 
growth and development. 

As in the case of bacterial growth, the gross efficiency, including main- 
tenance, is easily determined, as indicated by the following example. 


(Jombustioii value of a hen’s e^K 

“ “ liatchetl cluck 

“ “ “ unused inat(*rial (yolk, incinhraiu's, etc.). 

Kneigy lost during incubation 


87 ( al 

loot;, 

:i8 (’al 


2(> Cal 


2;i (’al 

27% 


38 

The gross efficiency is, then, . ^ X 100 = ()2 per cent. The energy 

38 


23 


+ 23 

- X 100 = 38 per cent. I low shall one explain the loss of the 


J Cal, or 27 per cent? According to Taiigl, the 23 Cal represent the EnU 
ickhmgsarbeitj “work of development”. This cannot be entirely true, be- 


loss is 

38 + 23 
23 

wkklung. , _ . 

cause at least some of it must ha\e been used for maintenance, and there 
is no simple method for ililTerentititing the maintenance from the wt)rk 

components. 

The following elHciency computation based on silk-worm ilata'^ yields \ ery 
similar results. 


Combustion value of a baleli of uninevd>ated silk-\\t>nn eggs 71.402 C'al UKV', 

“ “ “ liatelieil larvae ;U.S70 ('al 44AkV , 

“ “ “ uuusevl material 22.201 ('al;tl 22‘, 

Energy lost during incubation 17.2:12 C’al 24 ur; 


Total oflicicncy, ^ I’*'’' 




MU'igy loss, X UK) - 35 per cent. 


** C/. inivv alia, 'I'angl, F., arch.. 93, :127 (I'HKl'. Tangl, F . ami Farkas. K., 

hf., 104, 1124 (UHVI). 'Faiigl. 1 * 1 ., 130, I. 55 U-Httn. For a emnpnOiensive review, see 
Noodham, J., “Chemical baubryology/’ vtd. 2. Cai\d»ritlgt‘ Fniversitv l'r>‘ss. 10:U. 

Ik \ ftk.a .. ft 1 ' ^ ft<\«\t%i ' 


*M*'nrkus, K., l*flugcFs arch., 98, OH) C-HKIK 
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Since the finished chick embryo is about 50,000 times the size of the silk- 
worm larvae, these two sets of data furnish an opportunity for comparing the 
influence of body size on the gross efficiency of embryonic growth of large 

and small embryos. 

From the foregoing tables of Tangl and Farkas, 


Energy loss during incubation : ■ ■ ■. ; 

Gross efficiency, assuming that unused material did not partici- 
pate in the growth process 


Chick 

Silk-worm 

(%) 

(%) 

27 

24 

62 

65 


Thus, the gross efficiency of embryonic growth is of the order of 60 to 65 
per cent. 

To equalize species differences with respect to weight, the efficiencies may 
be computed in terms of unit dry weight, as follows : 


For the chick embryo, from Tangl, we have 

Combustion value of chick embryo 5.77 Cal/g dry weight 

Energy lost during incubation 3.50 “ “ “ 


Gross efficiency of chick growth 

For the silk-worm embryo from Farkas, we have 

Combustion value of silk worm 

Energy lost during incubation 

Gross efficiency of silk-worm growth 


5.77 


5.77 + 3.5 


= 63 per cent 


5.33 Cal/g dry weight 
3.10 “ “ “ 

. — = 63 per cent 
5.33 -h 3.10 ^ 


The above comparison indicates that \n spite of the size and species diffei- 
ence between chick and silk worm, there is no significant difference in gioss 

efficiency of the two. 

Similar efficiency values may be obtained from data on frogs^® 

Combustion value of frog embryo 5.5 Cal/g dry weight 

Energy lost during incubation 5.3^ ^ 

Gross efficiency of frog-embryo growth 5 5 + ^3 ^ 


and on the sea urchin.^^ 

Combustion value of Funditlus heieroclitus 
embrvo 

UlliOiyu ^ ^ n a a a 

Energy lost during incubation *^’^4 8 

Gross efficiency of embryo growth 4 3 + 3.3 ^ 

It is instructive to note that the fuel t'alue per gram dry substance of chick 
embryo increases in sigmoid fashion from 5.1 Cal at the fifth day of incuba- 
tion to 6.2 Cal at the end of the incubation period (21 days). The fuel value 
of dry unincubated egg-and-white mix is 6.94 Cal per gram.'* This is a 

Faure-Fremiet, E., and Dragoiu, J., Arch dWnat., 19, 411 (1923). 

Glaser, 0., Biochem. Z., 44, 180 (1912). 

Xecdliam, “Chemical Embryology,” vol. 2, p. 964. 
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cogent argument against the use of increase in ^‘dry matter” as index of 
growth in energy. 

It is significant that while gross energetic efficiency per gram dry matter 
is the same for the finished embryo in chick and silk-worm, there are changes 
in the efficiency during the period of growth, as indicated by the following 
table from Needham^® based on TangPs data on the chick. 


Age (days) 

Gross emciency (%) 


3 5 7 
43 44 47 


9 11 13 15 17 19 

49 56 66 66 66 67 


Needham explains this rise in efficiency (1) by possible decline of basal 
metabolism per unit weight with increasing weight, as inferred from Rubner’s 
law; and (2) by extrapolation of Miss Stephenson's recapitulation theory 
to the effect that the enzymes are brought under continuously increasing 
control of the organism during ontogeny with consequently increased “dis- 
ciplined” processes. 

Instead of increased “discipline” growth, the apparently lower energetic 
efficiency in early embryonic life may reflect a greater speed of morphogenesis 
involving a greater work-energy component in comparison to the weight 
increment. 

There is some confusion concerning the nature of this work energy of 
morphogenesis and growth. It maj’’ become resident in the formed struc- 
tures, a species of configurational energy analogous to the energy stored on 
winding a spring. But existence of such configurational energy is somewhat 
hypothetical, since it is apparently not possible to measure it convincingl 3 ^ 
Needham^® has discussed the literature on this hypothetic organizational 
energy and appeared to conclude that it amounts to 4 per cent of the growth 
transaction. Bohr and Hasselbalch^^ reported that during the first few days 
of incubation of the chick embryo, heat was absorbed rather than dissipated, 
or at any rate, that there was a low heat production in comparison to oxj’gen 
consumption. This apparently “missing heat” may be due to endothermic 
reactions, to tlie retention of “organization energy” in the tissues-^ Rai)- 
kine-^ observed unusually high respiratory quotients which he interpreted 
as indicating synthesis by coupled oxidation-reduction reactions as contrasted 
to simple combustion. 

The situation is summarized in Sectit>n 1.3. For the present it may be 
noted that Tangl's research ignored the possibility that the energy oxpendetl 
for the “work” of growth and development may be structured in the tissue 
as potential energy (analogous, for (example, to the energy expended for 
charging a battery or wiiuling a spring); it assumetl, on the contrary, that 
the energy ex])ended for tlu' “wiu'k" ol gi’owth and deveh^pinent is expended 

Hohr ju\(! st'i* n'l . il. ( lia|*0‘r 

suTorroino, b., ami Wannst'i. lb. Hull. Soc. I'hnn. /On/ , 4, ;MU 09'JJU Mt'M'ilmf. O 
fUiwhvm, 36. 'JSU (1911). 

*Mtai)kine, [ 4 ., Arch, il'amil. , 26, IS’J (19'J9). 
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as heat analogous to that expended for rearranging the chairs in a room, in 
which case the potential energy of the chairs or room is not increased. Tangl, 
accordingly, measured the developmental energy by the difference in caloric 
values of the substrate (egg) and of the formed tissue (newly hatched chick, 
or silk worm, or fish). The heat thus measured by Tangl, however, included 
not only (1) the work of developing the organism, but also (2) the work of 
maintaining the organism. The net result of Tangl’s work is that we are 
still ignorant of the magnitude of the organizational energy, since there is no 

method for separating (1) from (2) above. 

The evidence seems to favor the viewpoint that much of the energy expended 
for organization is dissipated in the foi’m of heat, as Tangl tacitly assumed, 
rather than structured into the organism. This may be inferred partly from 


the fact that unlike the structured energy in a battery or spring, the energy 
of differentiation is not reversible; .differentiation processes are not reversible. 
Moreover, the energy in the formed tissue has not been shown to be higher 
than that of its constituent amino acids, carbohydrates and fats. 

Several other sets of data substantiate the idea that much, if not all, of the 
organization energy is dissipated rather than structured. Thus, the pubertal- 
growth acceleration in children is associated with a metabolic acceleration^^ 
The basal heat production in adult con\'alescent patients tends to parallel 
the speed of gain in weight during con^'alescence-^ Rapidly growing rats 
(speed of growth controlled by litter size-^ and also b}'^ changing age^®) have 
a much higher oxygen consumption or heat production regardless of the 
reference base employed — than slowly growing rats. Rapid moiphogenesis 
is associated with rapid metabolism.-® The high basal heat production of 
adolescent children may, however, be attributed to a flare-up of high endociine 
activity at that time. The high oxygen consumption of patients convalescing 
from emaciating diseases, or of rats on a high plane of nutrition, may be at- 
tributed to the latter factor {SDA, etc.) rather than to extra thermodynamic 


work of growth. 

4’>'ler’s-^ and C'ollier’s®® results are more convincing. Tyler reported that 
the oxvgen consumption or energy liberation by the differentiating sea urchin 
varies 'with the amount of differentiation. Thus, the total oxygen consump- 
tion of two half-sized embryos up to the end of gastrulation is greater than of 
one normal-sized cmlirj'o. The two half-sized dwarf embryos are assumed 

22 Dll Hois D F “Hiisul inetaholisin in health and disease,” 1036. Topper, A., and 
Mulier 11 Da /i/.s-.r/H-W,.43,327 (1032). Lewis, C. A., W., 61, 1014 (1936). Daven- 

i'ort r' H' ”(1.ihl Deveh.pmont.”10. ISH 

22 Coieinan, W., and Du Hois, F. F., Arch. Int. Med., 16, 88i (1915). Lvans, F. A., 

Bnxlv,’ Iv H.. J. riujsmL, 138, ISO (1042). 

Kil)l(*r II II Mini Hi'tulv, S., J. Nul., 24, 401 (1042). 

Haiti. , ' l. C,, BtiU \ 78, 300 (1940); Biol. /iVa.. 78, 300 (1040). 

-■ Tvloi- \ Bob N/n?. Ziuil. Napoli, 13, 155 (1033); Biol. Bull., 68, 451 (l.)3o); I he 

('nlbrlina AV/.' 12 (July 10, 1037); Biol. Bull., 74, 00 (1038); 71, 82 (1030). . 

Jann CJ., “Tin* relation between metabolism and m()rpliogcnebis duiin„ 

regeneration.” Doctoral Di.s.sertation, Dept, Zoology, University of Missouri, 1J42. 
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bj’ Tj'ler to expend the same amount of energy for maintenance and growth 
as one whole embryo. The iliffcrence in energy expenditure is assumed to 
result from the extra differentiation work involved in developing two embryos, 
similar results were obtained by other methods of increasing developmental 
rates. 

Collier reported an 85 per cent increase in oxygen consumption at the peak 
of regeneration of the fasting worm Tubifex tubifex. Here the plane of 
nutrition did not enter as a complicating factor, as all animals were fasted. 
Measurements made of the oxygen consumption of intact and regenerating 
animals of the same size and in the same condition showed that there was an 
85 per cent increase in oxygen consumption at the peak of regeneration. The 
obvious interpretation is that the extra oxygen consumption represents the 
“machine work” of regeneration. 

3.2.3: Energetic efficiency of postnatal growth. It is not possible to meas- 
ure the energetic efficiency of postnatal grcnvth with the precision obtained on 
prenatal growth of the chick, because of the many \’ariables influencing 
postnatal growth, such as differences in muscular acti\-ity, food supply and 
feeding habits, nature and quantity of food especially balance between 
nutrients, environmental temperature, and so on. There are, moreover, 
economic difficulties in making balance sheets of in(!omo and outgo of energy 
and especially determination of the composition of the gains. 

Farmers estimate what they call efficiency — really a reciprocal function of 
efficiency — by the amount of feed consumed for making a given gain in 
weight. The terms “amount of feed” and “amount of gain” are poorly 
defined since the energetic equivalence of availability of feed and the energetic- 
equivalent per unit body weight gain are highly variable. There is an 
enormous amount of such rough-and-ready data in the agricultural experi- 
ment stations. The following are a few illustrations of efficiency estimates 
for postnatal growth. 

It is instructive to quote, by way of introduction, Rubner’s'-^ “law” of 
growth, to the effect that the amount of energy required for doubling the 
birth weight is the same per kilogram in all species, except man. About 
4800 dietary Cal are required to construct a kilogram of normal body substance 
containing 30 g nitrogen and 1720 Cal. The energetic efficiency of the 
early postnatal growth is thus 1720/4800 X 100 = 35 per cent. The follow- 
ing is an example of Rubner’s computations: Cal in the gain, 1500; C'al for 
maintenance, 2500; therefore, the energetic efficiency of growth is 1500/ 
(2500 -1- 1500) = 37 per cent. 

Rubner evidently refers in this example t(.) what we call net energy of the 
feed. Indeed, he makes no mention of the feed used — only the energy in 
the gain and the (roughly estimatetl) energy cost of maintenance. The 

** Uubuor, M., “Das rniblcin dcr Lcbcnsilaiior uiul seine Heziehuugeu zu Waelistum 
v\iul Krniihrung,” 1008 . 
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efficiency would, of course, be much lower if the energy in the gains were 
divided by the energy in the food consumed, and this value would vary with 
the feed category employed — gross, digestible, metabolizable, or net. To 
indicate the differences obtained by two comparable investigators, one may 
cite Lusk^", who reported that pigs retain 20 per cent of their dietary calories 
during the first doubling of body weight, whereas Rubner stated that 40 
per cent of the ingested energy is retained. Lusk reported the combustion 
value of the gain as 866 Cal per kilo, whereas Rubner stated that the com- 
bustion value of the gain as 1722 Cal per kilo. Yet, both Lusk and Rubner 
seem to agree that the milk energy required for a pig to double its birth weight 
is about twice the amount of energy deposited in the body. 

Attention should be directed to Kleiber’s reasoning for assuming, as does 
Rubner and Lusk, that when other conditions are equal, productive efficiency 
is independent of body weight. According to Kleiber^h fhe ratio of feed 
consumption to basal metabolism and maintenance is independent of body 
weight, and, therefore, the excess feed that may go for productive processes 
is independent of body weight. Thus the ratio of available calories ingested 
to basal metabolism is 4.4 in chicks, 4.2 and 5.6 in steers and 5.0 in a rabbit. 
In support of this, Kleiber^- cited data®^ showing that 820-lb cattle and 114-lb 
sheep make the same gains per unit feed consumed during a 60-day period. 
The daily absolute gains were different, 2§ lbs in cattle and ^ lb in sheep, 
but both required 1040 lbs feed to gain 100 lbs weight. Moreover, it appears 
that rabbits and cattle are equally efficient converters of feed into live weight^S 

presumably at equivalent physiologic ages. 

Kleiber’s observation that the ratio of maximum food consumption to basal 
metabolism, and also that the total productive efficiency, is independent of 
species and live weight cannot be generally true. An extreme deviation from 
this rule is the relatively very low ratio of food consumption to basal metabo- 
lism in children, as contrasted to that in growing farm animals. Another 
illustration is that pigs grow at a higher energetic efficiency than cattle 
because, presumably, pigs have a relatively greater feed-consumption capacity 
in proportion to maintenance cost than cattle. Lactating dairy cattle, of 
course, consume a great deal more feed in comparison to their maintenance 
cost than do beef cattle. Then, too, Kleiber’s rule cannot hold for animals 
differing in physiologic age. Indeed, as noted in Chapter 1, whatever dif- 


Lusk G., “The Science of Nutrition,” Saunders, p. 569, 192^ 

KleibW’ M., Tiererndhrung, 6 (1933); also in Report on the Conference on Energy 
Metabolism/National Research Council, Committee on Animal Nutrition, Washington, 

^'*'^32’Kleiber, M., “Problems involved in breeding for efficiency of food utilization,” 

Pror Am *Soc. Anunal Production^ Nov. 27, 1936. . . • a > i 

Rochford, L. H., “Some extension activities in California. The Exietision Animal 

//j/s/mndman, serial No. 42, 1936. i * n n- Qft aa? 

Kleiber, M., “Kaninchen und Ochsen als Futterverwerter, Die Tierwelt, 36, 43/ 

( 1926 ). 
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ferences there are in efficiency of different species and individuals at different 

ages must be due to differences in the ratio of feed consumption to maintenance 
cost. 

Generalizations of the type of Rubner’s and Kleiber’s necessarily involve 
large margins of error. None the less they are useful, serving as pegs on 
which to anchor ideas, however insecurely. 

The difference between Rubner’s and Lusk’s estimates of 35 per cent and 
20 per cent efficiency, respectively, for early postnatal growth (during the 
first doubling of body weight) of pigs, and Tangl’s values of 62 per cent ef- 
ficiency for prenatal growth of chicks does not imply a contradiction. It is 
entirely possible that the additional muscular, thermo-regulatory, digestive, 
excretory, and related activities characterizing postnatal life may involve a 
sufficient energy increment to account for this difference in gross efficiency. 

Moreover, the increase in size of a given animal associated with increasing 
age would be expected to increase the energy cost of its maintenance and 
reduce correspondingly the total efficiency of growth unless this increase in 
maintenance is compensated by an increase in growth rate. In the case of 
different species, such as in cattle and chickens, there is such compensation 
and, therefore, nearly the same efficiency of growth, at equivalent physiologic 
ages. This is substantiated by the efficiency data cited on pp. 51-3, 

But the increase in size associated with increasing age in the same animal 
IS not thus compensated by increase in growth rate, with resulting decrease 
in efficiency of growth with increasing age or weight. 

An interesting aspect of Rubner's generalization is that he excludes man 
therefrom. The human infant retains during the first dout)ling of body weight 
about 5 per cent of the dietary energy while the other species retain, according 
to Rubner, 35 per cent of the dietary energy. The reason for this exception 
will become clear on examination of the age curves of growth in man and other 
species in Chapter 10. In comparison to the body weight, the growth rate 
of the human infant is very inucli less than that of any other species; in other 
words, the maintenance cost of the human infant is greater in comparison 
to his rate of gain than is that of otlun- species^^. 

Let us next cite a few illustrations on the etliciency of growth of farm 
animals, and the most common laboratory animal, the rat. As previously 
noted, postnatal data are iu)t well defined because of the tliiTerences in the 
availabilities of the various diets and ililTerences in the energy equivalents 
of the weight gains (t'h. 2, 5). 'Plie following data^® illustrate the variability 
in the energy content of the weigid gains of “paired” rats, that is, rats appa- 
1‘ontly alike in every respect including nature and quantities of finxl cvaisunuxl. 

Lvisk, Ci., “Tlio Sv'ii'iu’t' of pp. ‘xkS 571. 

** From Mitchell, II. II., ami t'arman, iJ. Cl.. .Im. 7. I'hyiiioL, 76. 4t)t> (1026). 
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Combustion 

Final 


Days on 

Gain in 

value of the 
» 

weight 

(g) 

Sex 

experiment 

weight 

(g) 

gains 

(Cal/g) 

118 

M 

56 

25 

0.32 

134 

F 

56 

38 

2.66 

165 

M 

56 

68 

2.44 

169 

M 

56 

73 

2.56 

228 

F 

156 

162 

2.35 

241 

M 

156 

180 

2.84 

185 

F 

156 

119 

3.26 

223 

M 

156 

157 

3.10 

280 

M 

156 

215 

2.37 


Both the gains on a given food intake and the caloric values of the gains 
vary enormously in these homogeneous and pair-fed animals. The variability 
is likely to be far greater when comparing heterogeneous animals. 



Body Weight, Gms. 

Fig. 3.1— The influence of the rate of growth (brought about by varying the litter size 
in suckling rats) on the heat production for given weights. The rapidly growing rats ex- 
hibited a higher heat production regardless of the reference base fmp oyexl than did the 
normals. Courtesy E. B. Brody and Am. J. 1 hysiology, 138, 180 (1942). 


The following efficiency estimates, randomly listed from data by the same 
authors, illustrate the order of efficiency of growth of rats and its variability. 
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Initial 

Weight 

Metabolizable 

energy 

Energy 
in the 

Gross efficiencv of 
growth with 
respect to consumed 
metabolizable 

weight 

gain 

consumed 

gains 

energy 

(g) 

(g) 

(Cal) 

(Cal) 

(%) 

84 

34 

1302 

8 

0.6 

89 

76 

1852 

156 

8.4 

70 

122 

4642 

352 

7.6 

70 

194 

5210 

593 

11.4 

70 

220 

5539 

751 

■ 13.6 


Rubner’s rule of 35 per cent efficiency does not apply to these rats, since 
these animals are beyond the age of first doubling of body weight. 

The following estimates^^ on the gross efficiency of growth of Jersey cattle 
with respect to TDN consumed indicate an early efficiency near 35 per cent 
with a decline to 5 per cent at age 2 3 ''ears. 




0) 

(2) 

(3) 

(•t) 

Gross 


Live 


Gains 

TDN 

TDN 

efficiency 

Age 

weight 

Gains 

(Cal/day) 

consumed 

(Cal) 

(%) 

(mos) 

(lbs) 

(Ibs/day) 

(1) x909 

Obs/day) 

(3) X 1814 

(2)/(4) 

1 

77 

0.57 

518 

0.77 

1397 

37 

2 

100 

0.77 

700 

1.53 

2775 

25 

3 

153 

1.10 

1000 

1.83 

3320 

30 

4 

171 

1.27 

1154 

2.43 

4408 

26 

5 

210 

1.30 

1182 

3.26 

5914 

20 

6 

257 

1.57 

1427 

3.96 

7183 

20 

7 

294 

1.23 

1118 

4.61 

8363 

13 

8 

331 

1.07 

1118 

4.76 

8635 

13 

9 

363 

1 . 00 

973 

4 . 92 

8925 

11 

10 

393 

1.00 

909 

5.45 

9886 

9 

11 

423 

1 . 03 

909 

5.47 

9923 

9 

12 

454 

0.93 

936 

5 . 98 

10S4S 

9 

13 

482 

0.93 

8-15 

6.17 

11192 

S 

14 

514 

1.07 

973 

6.59 

11954 

8 

15 

541 

0 . 90 

SIS 

6 . 97 

1264-4 

6 

16 

570 

0.97 

SS2 

7 . 32 

13278 

7 

17 

t)05 

1.17 

1061 

S.04 

14585 

7 

IS 

639 

1.13 

1027 

S.17 

14S20 


19 

665 

0.S7 

791 

S.61 

15673 

m 

;> 

20 

700 

1.17 

1064 

s . st> 

16072 

i 

21 

726 

0.S7 

791 

9.03 

16380 

5 


'Pile following esliinaic's on iht' gross ellicit'ncy growth of Holstein cattle 
confirm those on the Jeivsey cattle. 


Age 

Live 

weight 

(1) 

(iaius 

0) 

Gains 
iCal day) 

(mos) 

(lbs) 

(lb>/day) 

0) X vug 

1 

108 

0 . 87 

791 

2 

112 

1.13 

1027 

3 

181 

1. 10 

1273 

4 

229 

1.50 

1364 

5 

273 

1.47 

1 336 

6 

325 

1.73 

1573 

7 

371 

1 . 53 

1 39 1 

8 

•IIS 

1 . 57 

1 127 

9 

451 

1 . 20 

1091 


Ll)s TIK\ 


(9 

(4) 

(iross 

consumed 

IDS 

IDN 

elVuiencv 

per lb 

ion>uim‘d 

(Cal) 

(%) 

^^eiglU gain 

(Ibx, day) 

(.<) x 1814 

(n.‘(4) 

(^V)/(n 

1.24 

2250 

35 

1.4 

2.17 

3936 

26 

1.9 

2.15 

39tHl 

33 

1.5 

3.22 

584 1 

23 

2 2 

4.13 

7492 

18 

2's 

5 . OS 

9215 

17 

2 . 9 

5.71 

10412 

13 

3.8 

5 . 9 1 

10721 

13 

3.8 

5.93 

10757 

10 

4.9 


” TIui weiKlns arc avriaK*'-'* '** t'attlf eiupli>>en in uur nu'talK)hsiu luoasmtaueiUs. 
Tha TDN conauinoliims arc avcra^t's of tlu»sc ^ivcn in UaRsdalc, A iV, I’niv, Missouri 
Agr. Kxp. Sta. HuU. :as, nUI, ami soim* otKcr ilata. 
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Age 

Live 

Weight 

(1) 

Gains 

(2) 

Gains 

(Cal/day) 

(mos) 

(lbs) 

(Ibs/day) 

(1) x909 

10 

488 

1.13 

1027 

11 

531 

1.43 

1300 

12 

572 

1.37 

1245 

13 

610 

1.27 

1154 

14 

654 

1.47 

1336 

15 

698' 

1.47 

1336 

16 

740 

1.40 

1273 

17 

781 

1.37 

1245 

18 

826 

1.50 

1364 

19 

863 

1.23 

1118 

20 

899 

1.20 

1091 

21 

942 

1.43 

1300 


(3) 

(4) 

Gross 

Lbs TDN 
consumed 

TDN 

TDN 

efficiency 

per lb 

consumed 

(Cal) 

(%) 

weight gain 

(Ibs/day) 

(3) X1814 

(2)/(4) 

(3)/{l) 

5.75 

10793 

10 

5.1 

6.76 

12263 

10 

4.7 

7.44 

13496 

9 

5.4 

7.80 

14149 

8 

6.1 

8.33 

15111 

9 

5.7 

8.97 

16272 

8 

6.1 

9.51 

17251 

7 

6.8 

10.1 

18321 

7 

7.4 

10.5 

19047 

7 

7.0 

10.9 

19773 

6 

8.9 

11.0 

19954 

6 

9.2 

11.6 

21042 

6 

8.1 


The conversion factors employed, 1 lb TDN is equivalent to 1814 Cal 
(or 1 g TDN to i Cal), and 1 lb gain in live weight is equivalent to 909 Cal 
(or 1 g to 2 Cal), may be justly criticized, as the caloric equivalents per unit 
weight undoubtedly change with age and with other conditions. Thus, the 
combustion value per gram fat is equivalent to that of 2 g protein. In 
addition, 2 g protein is associated with about 6 g of water, while fat is not. 
An animal gaining protein alone would, therefore, gain 8 times as much weight, 
yet the same amount of energy as one gaining fat alone. This is an extreme 
illustration. It was reported’® that rats fed a relatively high protein diet 
had an average combustion value of 1.8 Cal per g of tissue, whereas rats fed a 
low-protein diet had an average combustion value of 2.8 Cal per g (highest 
value was 3.6 Cal/g). The combustion value varies even for the dry tissue 
from 5.6 to 5.8 Cal per g. There are also variations in the energetic avail- 
ability of TDN depending on many conditions. The tables, however, 
indicate the general trend. 

The following estimates on steers indicate the nature of the energetic effi- 
ciency of beef production and how it is related to weight. As before, TDN 
is as.sumed to be equivalent to 1814 Cal per lb and 1 lb gain in weight to 
909 Cal per lb. 


Initial weight 
(lbs) 

764 

412 

485 


Weight gain 
(lbs) 

388 

488 

402 


TDN consumed 
(lbs) 


Gross efficiency (%) 
(gain, C&\/TDM. 
Cal) 


3400 5.7 
2691 9.1 
2195 9.3 


The efficiency of beef production within the given limits is thus seen to be 
below 10 per cent. The apparent efficiency would be reduced still further 
by deducting the unedible part of the body weight.^® 

** Johnson, S. R., Hogan, A. G., and Ashworth, U. S., Univ. Missouri Agr. Exp. Sta. 
Res. Bull. 246, 1936. 

Leitcli, I., and Godden, W., (Imperial Bureau of Animal Nutrition, Tech. Communi- 
ration 14, 1941) estimate that for fattening in beef animals, 9 to 10.7 cwt liye-weight, the 
gross efhciency is 5.7 per cent with respect to dry matter; 16 per cent with respect to 
energy; 9 to 12 per cent with respect to protein, 
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The fact that efficiency is independent of body weight as such, but that 
it is rather related to physiologic age, is indicated by the following efficiency 
estimates on two groups of S.C. White Leghorn Chickens, one group growing 
very rapidly and the other growing slowly. The estimate of the fast-growing 
groups was based on unpublished data by Gustav Heuser ; that of the slow- 
growing group on data by Card and Kirkpatrick (Storrs Station, Bull. 96). In 
spite of size differences the early-grow'th efficiency of chickens is very near 
that of cattle. Efficiency values of the same order w'ere obtained for early 
growth of rats. 



Body 

weight (g) 

% efficiency 

Age 

Heuser 

Card and Kirkpatrick 

Heuser 

Card and Kirkpatrick 

1 day 

39.9 

37 



1 week 

62.7 

53 

35 

26 

2 

121.4 

83 

38 

22 

3 

193 

119 

33 

19 

4 

380 

173 

32 

21 

5 

481 

229 

29 

18 

6 

504 

315 

23 

20 

7 

719 

410 

18 

19 

8 

759 

495 

26 

15 

13 


878 


8.0 

94 


1490 


2.5 


It was assumed in the above computations for chickens that the metaboliz- 
able energy equivalent of the feed (not TDN) was 3 Cal/g, and 1 g weight 
gain is equivalent to 2 Cal. The results would, of course, differ with the 
conversion factors employed. (Ileuscr’s ration was: yellow corn 57, wiieat 
middlings 20, egg white 10, dried liver 7.5, cod liver oil 1, steamed bone 
meal 2, lime stone 1, salt 0.5.) 

As previously noted, there is an enormous amount of data on growth and 
feed consumption, published and unpublished, in our agricultural experi- 
ment stations from which total effieieueies may be estimated, but which 
cannot be analyzej:! here. 

3.3: Energetic efficiency of milk and egg production. The i)rohlem of 
energetic efficiency of milk and egg production will be discussed in detail in 
Chapter^ 21 to 23. This section eompares,Tor the sake of completeness, 
the gross efficiency of milk and egg production with that of growth. The 
gross energetic etlieieney t>f milk production in gootl dauy cattle and 
dairy goats is of the order of 33 per cent with respect to TDX consumetl 
(assuming 1 lb TDN = ISM Gall; and this etlieieney, like that of growth 
at a given 'physiologic ogc, is roughly independent of 1hh1\- weight, or even 
of species as such. When other conditions are equal, it is approximately the 
same in dairy cattle, dairy goats, and whiti' rats, as indicated in the table on 
p. 857. It is true that the milk production per unit body weight is greater in 
small than large animals, but the basal metabolism, or maintenance cost, 
per unit body weight i.s also grt^atm' m small than huge animals with the net 
result that the two balanci' and the energetic efficiency is approximately 
independent of body wi'ight. In this ca.se Kleiber's rule holds. About J 
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of the consumed TDN (lb TDN X 1814) is usually recovered in the milk 
of good dairy animals regardless of body size— if other conditions are equal. 

The total energetic efficiency of milk production is comparable in magnitude 
to the total efficiency of very early postnatal growth, but it is very much 
greater than of beef production at later ages. 

As egg is a more complex substance than milk, it requires more time for 
its elaboration, so that a greater proportion of the chicken’s food would be 
expected to be used for maintenance in elaboration of egg than of an ener- 
getically equivalent quantity of milk with consequent lower total efficiency 
for egg than for milk production. The total energetic efficiency of egg pro- 
duction in good egg producers is approximately half that of milk production 
in good dairy animals. 

It thus seems that, when other conditions are equal, the greater the struc- 
tural complexity of the product the lower the energetic efficiency of its pro- 
duction. Milk, the least complex product, may be produced at the highest 
efficiency; this is followed by egg, and this by growth (meat). 

3.4: Relation between the net energy category of feed and the efficiency 
of productive processes. The net energy of a feed is, by definition, the part 
transformed into the desired product: work, body tissue, milk, egg, and so 
on. The net efficiency of a productive process [eq. (1.2), excluding mainte- 
nance cost] should, therefore, be about 100 per cent with respect to the net 
energy category of feed ingested. The net efficiency of growth should be less 
if the efficiency is computed with respect to the metabolizable-energy category 
of feed (perhaps 70 per cent in cattle), and least (50 per cent in cattle) if it 
is with respect to the gross-energy category of ingested feed. 

In discussing efficiency it is, therefore, imperative to specify what category 
of efficiency — gross or net — and what category of feed — gross, digestible, 
metabolizable, or net — is under consideration. The literature on productive 
processes is confusing, from the energetic-efficiency viewpoint, either because 
of poor specifications or because of lack of appropriate conversion factors 
under the given feeding conditions. 

Thus, as explained in the preceding section, the gross efficiency [including 
maintenance cost, (eq. 1.1)] of milk production with respect to TDN con- 
sumption (assuming that 1 lb TDN is equivalent to 1814 Cal) is about 33 
per cent. Yet Kellner’s^" balance experiments on three lactating cows 
yielded an efficiency of about 65 per cent. 

Kellner, however, referred to the net efficiency [not including maintenance 
cost, eq. (1.2)], and the efficienc}’- was with respect to the metabolizable- 
energy categorj' of feed. It will be shown in Chapter 21 that the net effi- 
ciency of our data is of the same order as that of Kellner’s. 

■’“See .\nnsby, II. P., “The Nutrition of Farm .■Vnimals,” p. 493, 1917; Kellner, 0., 
.5tli Int. Koiir. Milchwirtschaft, 1911; Kellner, 0., “Die Ernahrung der landwirtscha- 
flichen Nutztiere,” Berlin, 1919. Armsby and Moulton, “The animal as a converter of 
matter and energy,” New York, Reinhold Publishing Corp., 1925. 
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Jordan.^^ and Eckles^, like Kellner, reported their milk-secretion studies in 
terms of percentage utilization of the metabolizable category of feed above the 
maintenance cost, which in our terminology is the net efficiency [eq. (1.2)] 
of milk production with respect to pounds TDN consumption (lb X 1814). 
Jordan’s and Eckle’s values were near those of Kellner’s. Jordan reported 
49, 57, and 64 per cent of “feed utilization”; Eckles reported 63, 68, 67, 
' 51, 73, 60, 63 and 50 per cent utilization. 

The net efficiency of milk production, not counting maintenance, is thus 
seen to be nearly double that of the gross efficiency, including maintenance. 
It is surprising that despite great differences in gross efficiency of growth, 
milk production, and egg production, the net efficiency, excluding main- 
tenance [eq. (1.2)], appears to be roughly of the same order in all three proc- 
esses, as will be shown presently for milk production (Ch. 21) and egg 
production (Ch. 23). Thus, Terroine and Wurmser'*^, who worked over growth 
data by Kellner, Kohler, and Fingerling, concluded tliat the net efficiency of 
gains in weight ranged from 45 to 63 per cent in a cow and 52 to 84 per cent 
in a growing pig — values close to those for the net efficiency of milk and egg 
production. 

The differences in the gross efficiencies of growth, milk production, and egg 
production may reflect differences in the time intervals required to produce 
unit energy in the form of milk, egg, and body gain, with corresponding 
differences in maintenance cost and consequently differences in gross effi- 
ciency. Time, and therefore maintenance, profounilly affect the gross effi- 
ciency of all productive processes. 

Jordan^^ summarized the efficiencies of farm animals in terms of vield of 

V 

edible solids per 100 pounds digestible organic matter consumed as follows: 


Aniinul and product 

('o\v, milk 
Hog, ciircass 
Calf, carcass 
Fo^Yl, egg 
Fowl, carcass 
Steer, carcass 
Sheep, carcass 


KlViciency in terms of edible 
solids per 100 pounds of digestible 
organic mutter in the ration 

18.0 

15.0 

5.1 

5.1 

4.2 
2.8 
2 . 0 


This is probabl}^ a good practical representation of the relative total effi- 
ciencies of the several chisses of animal converters ;u> they existed in HKH). 
Biologically and energetically, lioweN ta-, the representatitin is \’ague. Thus, 
the caloric equivalence of “organic 

« varies with its com- 
position. Moreover, the amount of “edible solids” varies with the dietary 

^'Jordan, W. IL, N. V. ((loaova) Agr. lAp. Sla. Pull. ia7, p. 21. aiul 2etli Ueport, 
p. 29. Soo also his book, “Feeding Farm .Vniiual.s,” New \orl\, UHU. 

** Eoklos, r. 11., Univ. Missouri Agr. I'ai>. Sta. Kes. Pull. 7. 

^'Terroine, K., and \Vurmser, U., lyull. N(>e. ('/loa. HioL, 4, 519 (1922). 

^Uordau, W. II., “Feeding of Farm Animals”, m\. 
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habits of the consumer. Thus intestine (tripe) is a delicacy in some countries 
and offal in others, and biologically considered the energy equivalent of the 
offal is no less important than the edible parts. 

This table underestimates the efficiency of modern dairy cattle, not only 
because the gross efficiency of milk production during the lactation period is 
nearer 33 per cent than 18 per cent, but also because beef animals yield only 
their bodies as edible end products for their rearing, whereas dairy animals 
not only eventually yield their bodies but also produce milk and calves. 
This, in effect, increases their life-time efficiency by spreading the cost of 
rearing over a much larger volume of edible product. 

As previously noted, good dairy cattle, typified by experiment-station herds, 
produce milk at approximately 33 per cent gross efficiency with respect to 
TD N consumed— about | of the TD N energy is recovered in the milk (as- 
suming 1 lb TDN is equivalent to 1814 Cal). Egg is produced in compara- 
tively good layers at approximately half this gross energetic efficiency, per- 
haps 16 per cent. The gross energetic efficiency of meat production declines 
rapidly with increasing age. 

Pigs probably have a considerably higher gross energetic efficiency of 
growth^^ because they consume more concentrated feed in more available 
form — their “work of digestion” may be less — because they may have better 
appetites, consuming more nutritionally available feed above their main- 
tenance level, or what is the same, they may have a relatively low maintenance 
level in comparison to their feed capacity. Pigs also have an exceptionally 
high dressing percentage in comparison to other animals as indicated by the 
following abbreviation from Whetham’s extensive tables'*®, the average of 
“Large White,” “Middle White” and “Berkshire” breeds. 


Live 

weight (lbs) 

Carcass 

(%) 

Approximate 
age (days) 

Live 

weigth(lbs) 

Carcass 

(%) 

Approximate 
age (days) 

60 

69 

97 

190 

81 

204 

70 

71 

105 

200 

81 

213 

80 

73 

114 

210 

81 

221 

90 

75 

122 

220 

81 

229 

100 

76 

130 

230 

82 

237 

110 

77 

138 

240 

82 

246 

120 

77 

147 

250 

82 

254 

130 

78 

155 

260 

82 

262 

140 

79 

163 

270 

82 

270 

150 

79 

171 

280 

82 

279 

160 

80 

180 

290 

82 

287 

170 

80 

188 

300 

83 

295 

180 

80 

196 





While the dressing percentage is estimated to be about 75 per cent for 
average hogs, it is thought to be 56 per cent for calves (average live weigh^ 

“ To produce 1000 Cal live weight, fattening pigs need 77 per cent as much S.E. (starch 
(Hiuiviilents) as bullocks. K. Breirem, cited by 1. Leitch and W. Godden, Imp. Bureau 

of Nutrition.Tech. Communication 14 1941. 

Wlietham, Elizabeth 0., “Pigs Breeders Annual (England), 1934-5. 
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190 lbs), 55 pel’ cent for cattle (average live weight 940 lbs) and only 47 per 
cent for sheep and lambs (average live weight 85 lbs). 

It is interesting to comment on the magnitude of the meat industiy. The 
1940 per capita meat consumption in the United States was about 150 pounds 
(67 lbs pork, 55 lbs beef, 7 lbs veal, 7 lbs lamb and mutton, 12 lbs lard). In 
spite of some 3 billion pounds more meat production in 1942, the war de- 
mands are expected to reduce the per capita civilian meat consumption to 
135 pounds. The number of animals dressed in 1940 included about 78 mil- 
lion hogs, 15 million cattle, 10 million calves, and 22 million sheep and lambs. 
Dauy and poultry statistics will be cited, respectively in Chapters 21 and 23. 

3.6: Summary. Agriculturally productive processes may be classified into 
work and growth processes, the latter including growth of tissue, fat, milk, 
egg, wool, and so on. 

While the body is not a heat engine, the iheoreiicaUy maximal efficiency of 
muscular work appears to be of the same order as of Carnot’s heat engine, 40 
to 50 per cent. The actual gross maximal [cq. (3.1)] efficiency of muscular 
work with respect to oxidized nutrients, which is roughly ccpii valent to the 
free energy, A/^, of thermodynamics, is of the onler of 25 per cent; that is, 
nearly I of the nutrients oxidized in an animal working at top speed may be 
recovered in the form of useful mechanical work. The maximum 7iet effi- 
ciency [eq. (3.2)], not including the standing maintenance cost, is about 
28 per cent; the maximum absolute efficiency [eij. (3.3)], not including the 
energy expense when walking without a Kiail, is about 35 per cent. 

The growth process probably alst) involves work components, work of con- 
verting amorphous food materials, into organized tissue, but it is very diffi- 
cult to estimate its magnitude partly because it is impossible to separate tlie 
energy expended for work from that for maintenance. The “maintenance” 
concept is also very complex, including many processes, some of which, as 
the catabolism of nutrients by enzymes t'xcreted or liberated into the nunlium 
following the death of organisms, really have nothing to ih> with maintenance. 
Such unavoidable losses, of no benelit to the organism, may also occur in 
living organisms. Some of tlu' maintenance energy n'presents real work 
work of circulation, respiratituq secu'tion, excretion, and so on; and smne 
energy may bo expeiuled to “maintain” llu' thermodynamically unstable aiul 

"improbable*’ structural li\ ing conhg»iralion. 

The gross efficiency growth, including the maintiaiauce complex, is 3 
per cent for certain autotropic bacteria, alunit 10 per cent for ye;ist, til) (vr 
coat for prenatal growth, 35 pi'r eewi for early pivstnatal growth, 5 to 10 
cent for bwf proiluction in lati'r ages, nt'ar 10 i>er cent for egg pHnluclion, 
tvud about 33 per cent for milk piTuluclion. 'I'he net etliciency, which dtx's 
not include the maintenance item is, of course, luglau' by the maintenamv 
coat, and is roughly the same lor all tlu'se processes. 
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The gross energetic efficiency of growth depends on the physiologic age 
interval under consideration because the older the animal the greater the 
maintenance tax in comparison to the productive increment. Thus Ham- 
mond reported that whereas 221 lbs feed “weighed dry” is required to pro- 
duce a pound of saleable beef for cattle finished at 3 years, it required only 
Ilf lbs feed to make a pound of saleable i beef for cattle finished at 1| years. 

The efficiency of work, growth, milk production, egg production, and so 
on, is discussed historically and comparatively. Body size as such, when 
other conditions and especially physiologic age are equal, does not affect 
energetic efficiency, although it is an extremely important factor in the 
profit complex, which involves overhead expenses, such as the human labor 
of management, housing, and so on. The profit aspect — contrasted to the 
biologically energetic efficiency aspect — of body size, with special reference 
to milk production, is discussed in Chapter 22. 

” Hammond, J., “The Farmers’ Weekly” (British), p. 13, Aug. 16, 1935. 


Chapter 4 

Specific Dynamic Action and Efficiency of Productive 

Processes 


The hypotheses which have been presented on specific dynamic action 
transcend one’s power to coordinate them. Graham Lusk 

4.1: Specific d 3 ^aimc action, basal metabolism, and endogenous nitrogen 
excretion. As previously explained [eq. (2.10)], the physiologic fuel value, 
or the metabolizable energy, of a diet is composed of (1 ) net energy, or phj-^sio- 
logically free energy, comparable to AF in thermodynamics, and (2) specific 
dynamic action* abbreviated to SDA, which is a tax to entropy, comparable 
to AS in thermodynamics, an extra heat increment incident to the nutritive 
process in total, including the energy cost of excretion of the end products. 

One may say that the resting heat production of an animal in a thermo- 
neutral environment is made up of two components: (1) basal metabolism, 
which is the irreducible energy c6st of maintenance during complete rest, 
and (2) SDA, an energy waste incident to food utilization. Basal metabolism 
is, therefore, the resting energy metabolism in a thermoneutral environment 
in post-absorptive condition, uncomplicated by heat increments incident to 
food utilization or to low or high environmental temperatures. 

Basal metabolism- is a convenient starting point for measuring the various 
heat increments, as heat increments of : fever, feeding, lactating, gestating, 
working, keeping warm in cold weather, and so on. 

Endogenous nitrogen^ excretion is similarly a convenient starting point for 
measuring various nitrogen-excretion increments iis, for example, those due 
to food ingestion, and it is defined, empirically, !is the lowest level of nitrogen 
excretion attained after an empirically defined time interval on a low-nitrogen 
but otherwise complete diet. 

Both the basal energy and endogenous nitrogen levels are useful base \ alues 
for computing the energy and nitrogen ci>sts of maintenance. 1 he relation 
of these basal values to total maintenance and to binly size will be discussed 
m detail in Chapters 13, 14, auil l.'i; they are here consiilcred in their relation 

to the SDA problem. 

‘llubnor, M “Dio (losot/.c ties lliiornicvorliraiulis boi ilt-r Kriialinins,” LeipriR, 

1902;nl8oZ. /}iW.,42, LHU (U)0n. , ,, , 

’Du Bois, K. F., ‘'Biisal Metaliuli.siti m H.-altli aiul Pisraso, I'Mc. 

* FoliUj 0*1 theory protoiu luotuhohsiu , J . I hystol.y 18» lli 

50 
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One method of measuring the SDA of protein or of amino acids is by the 
ratio of the heat increment above the basal level to the nitrogen excretion 
above the endogenous nitrogen level following a single meal, as illustrated in 
Fig. 4.3 and other methods are illustrated in Figs. 4.1 to 4.7. 


Cttt /Pay 


UOOOH 


Holstein Bull No. 279 
10.3 M0&-337 Kg.-9/V29 

(had acceeft to wheatstnaw) 


9000^ 


heat Incnement 
^.3600 KUo-catoPtea 


baaal level 
7420 cal/day 


700d 


2500 


200d 


Basal level 
ISSO cal./day 


Heat Incpement*797 Klio^ ^ 


14000k 


Heacfopd Steep No. 815 
21 Mo5.-€>28 K 5 .- 8 /II /30 


12000 


10000 



/Wk’/Z'/Z/ 

Heat Picnement 


Ba&a) level 
6500 cal./day 


8 OOOI 
Hps. 0 


Pepchepon Honse No. 18? 
29.1 Mo5.-b8l Kg.-yi7/31 


Dorset Sheep No. 1350/ 
15.6 M0S.-73.5 Kg.- 5/31/30 



Cal./Day 
16000 


k 14000 


12000 


Heat Incnement 
*^-^^3933 K\1 o-cb1. 


10000 


Chester-White Hog No.l? 
12.4 Mos- 148 Kg- 6/4/30 




-45000 


H4000 


H3000 


H2000 


klOOO 


20 30 


eo 70 0 10 20 

Fast 


30 40 50 60 


Fig. 4.1— The heat increment of feeding in several classes of farm animals. 


There is nothing particularly edifying about the term “specific dynamic 
action” outside of its historical connotation. Instead of the SDA designa- 
tion, others are used, including calorigenic effect of food, heat increment of 

feeding, thermogenic effect, and thermal energy. 

The calorigenic effect of drugs as of dinitrophenoH, or of hormones such as 
thyroxine or adrenaline, consists in raising the metabolic activities of the body 

^ Cf. Brody, S., Ann. Rev. Biochem., 3, 341-3 (1934). 
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cells. Voit® suggested and Lusk® advocated Volt’s theory that the nutrient 
fragments likewise raise the metabolism of the body cells. This theory has, 
however, apparently been disproved by the observation’ that when the liver 
is removed, that is, when the deamination of protein is prevented (deamina- 
tion of protein occurs mostly in the liver and to a less extent in the kidney®), 
nutrients exert no specific dynamic effect; Lusk®, therefore, bravely dis- 
carded his old teachings and adopted the thermodynamic viewpoint. 

The fact that about 80 per cent of the resting SDA originates in the viscera’® 
substantiates the theory that the SDA is due to the protein catabolism as 
such rather than to stimulation of body cells. 

The theory that SDA is the work of digestion^ has been disproved b}'- feed- 
ing bones and meat extract^- and agar and cathartics^^ when no SDA was 
observed. Moreover, injecting amino acids gives the same SDA as ingesting^^ 

It is instructive to reflect on the fact that, although the phenomenon of heat 
increment of feed was observed over a century and a half ago'^, and although 
it has aroused enormous interest and elicited a great literature®, there is no 
generally accepted theoiy, nor indeed generally accepted quantitative defini- 
tion d,SDA, 

This is Rubner^s' definition of SDA : If the postabsorptwe energy expense of 
maintenance of a mature normal animal (dog) at thermal neutrality is 100 Cal 
a day, 'then if the animal consumes 100 Cal in the form of meat, its heat pro- 
duction will increase to 131 Cal for the day. The extra 31 Cal is the SDA of 
the 100 Cal of meat. If the animal is given 131 Cal, its heat production will 
increase to 137 Cal, and so on, as shown in the following table. 


Relation between encrjjy in the food and heat production btj the anitnal. 


Trial No, 
1 
2 

3 

4 

5 

6 
7 


Protein Diet (Meat) 
Food Heat pro- 


Fat Diet 


Cane-sugar Diet 


energy 

0 

100 

130.9 

137.3 

149.3 

139.9 

140.1 


duction 

100 

130.9 

137.3 

1 39 . 3 

139.9 

140.1 

140.2 


Foo<l 

Heat pro- 

Food 

Heat pro- 

energy 

duction 

energy 

duction 

0 

112.7 

0 

KH) 

U2.7 

114.3 

UK) 

100 

114.3 

114.5 

UH> 

100.4 

114.5 

114. 55 

100.4 

100.42 


It appears from the abo\*e table that under the gi\'en eoiulitions the SDA 
of loan meat is 40 per cent i>t the intake miergy; oi lat, abiuit 15 per cent ; of 


2:kS (1921V). 
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sucrose, about 6 per cent. That is, for example, of 115 Cal of physiologic 
fuel value (metabolizable energy) ingested in the form of fat, about 15 Cal 
is the entropy tax and 100 Cal is the physiologically free energy employed 
for maintenance or related useful purposes. 
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Fig. 4.2a — The heat increment of feeding in several classes of farm animals. The 
B.M. areas represent basal metabolism and the AQ areas the heat increment of feeding 
for the intervals shown on the time axis. 


Murlin and Lusk‘® substantiated Rubner’s values: “If what we now call 
the basal metabolism of a typical animal be 100 Cal, per day, and 100 Cal 
be administered to the animal of each of the several foodstuffs on different 
days, then the heat production of the animal after receiving meat protein 

Murlin, J. R., and Lusk, G., /. Biol. Chcm., 22, 15 (1915). Murlin, et al.y J. Nut.j 
12, 613 (1936). 
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will rise to about 130 Cal, after glucose to about 106 Cal, and after fat to about 
104 Cal. These are typical average results.” The typical animal is pre- 
sumably a mature one. 
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Kriss, Forbes, and Miller^’ reported that the a\erage heat inereinent (in 
100-g rats) resulting from the to a maintenance ra-tion (see Seet. 4.2) 

of casein, starch, and olive oil, respectively, ('\])i'esseil as p(M*eentages of the 
metabolizable energy of these supplements, were 31.1 per cent for ciisein, 
22.5 per cent for starch, and U>.5 per cent tor olive oil. 'fhesi' values, with 

''Kriss, M., Forhos, K. H., hiuI Miller, U. J. \ut., 8, 5(H) 0^34). 
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reference to maintenance metabolism as base, were greater than with refer- 
ence to fasting metabolism as base. 

The literature on SDA is large and, as Lusk remarked in the quotation at 
the head of this chapter, very confusing. Rubner’s theory* seems to be general 
enough, or perhaps vague enough, to embrace all thermodynamic theories. 
It is that the SDA represents the waste heat from the many intermediate 
and side reactions and oxidations incident to the nutritive processes. One 
may compare it to the waste in lumber manufacture — the trunks are utilized 
for the building industry but the branches and sawdust go into the brush 
fire ; or one may compare it to the energy waste in a heat engine, part of which 
is free energy convertible to work and the rest is wasted, swelling the tide of 
entropy. 

The contradictions in the literature on the SDA values of a given nutrient 
are due to the fact that the magnitude of the SDA of a nutrient is not a 
constant but, on the contrary, is highly variable depending on many cir- 
cumstances, such as on whether or not the nutrient is stored or otherwise 
usefully emplo3^ed ; and this in turn depends on the balance between nutrients, 
plane of nutrition, environmental temperature, muscular or other productive 
activity, age, and so on. 

Moreover, every amino acid has a characteristic SDA, a characteristic 
speed of utilization and catabolism, which influence the real or apparent end 
result. Thus, the SDA of the oxidative deamination of alanine is much 
greater than of the hydrobdic deamination of arginine. The liberation of 
nitrogen from the imidoazol ring of histidine is no oxidation. The SDA also 
depends on the deaminized residue. 

The SDA value, moreover, depends on the reference base and units em- 
ployed, whether it is represented in terms of heat produced to total nitrogen 
excreted, to nitrogen excreted above the endogenous, or above the maintenance 
level ; to grams of nitrogen, or to equivalents of nitrogen, and so on. 

By waj^ of illustration, let us discuss the fate of the amino acid alanine when 
it is not stored in the bodj^ either because of excess ingestion or because of 
unbalance of the amino acid mix. In such case the amino acid is deaminized, 
producing urea, which is excreted by the kidnej", and sugar, either stored 
in the body, converted to fat, or oxidized. The deamination may occur by 
three different methods: (1) oxidative; (2) simple; (3) hydrolytic. 

(1) CH 3 CH(NH2)-C00H + lO. = NH, + CHj CO-COOH -> urea + sugar 

(alanine) (pyruvic acid) 

( 2 ) CH 3 -CH(NH 2 )-C 00 H = NH 3 + CHa-CO-CHO ^ urea + sugar 

(pyruvic aldehyde) 

(3) CH 3 -CH(NH 2 )-C 00 H + HoO = NH 3 + CHa-CIIOH-COOIT ^ urea + sugar 

(lactic acid) 

In the first of the three reactions oxygen is consumed and, consequently 
heat is produced, equivalent to 4 Cal per g N catabolized. In the formation 
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of urea from NH3, there is also heat production, about 4 Cal per g N in- 
volved^®* responsible for perhaps 20 per cent of the SDA of protein^®. 

Then, too, the urea and other end products are excreted by the kidneys at a 
considerable energy cost, perhaps 1 to 2 Cal per g N excreted, accounting per- 
haps for 25 per cent of the SDA of the catabolized protein, attributed to 
kidney work^®* The efficiency of the kidney is estimated to be 2 to 5 
per cent, 98 to 95 per cent of its energy expense being wasted as heat only, 
which heat is part of the SDA heat. 

When the deaminized fragment is oxidized there may be, in the case of 
alanine, an additional heat production of about 30 Cal per g N excretion^®. 

The heat liberated in deamination cannot be utilized for productive pur- 
poses; indeed, the heat of SDA is of the same nature as that given off as end 
product of muscular work. This is, of course, well known, having been 
observed by Rubner--, Anderson and Lusk-®, Rapport-'*, Meyer-® and others. 
The SDA heat, like the heat of muscular work, can be useful only for keeping 
the animal warm in cold weather. Yet a working or otherwise productive 
animal on a given diet and level is likel}'' to have a smaller SDA than a non- 
productive one, because the nutrients are utilized at a higher rate for the 
productive process, lea^'ing that much less for SDA. And in cold weather, 
the SDA spares the body from oxidizing bod}’' fuel to keep warm, giving the 
appearance of a decreased SDA. This is generalized by Rubner's compensa- 
tion theory: there is a recij)rocity between heat in’oduction by chemical body- 
temperature regulation and the SDA. Rubner found that the feeding of 320 
g of meat to a dog at 7°C did not increase his heat production; but feeding 
320 g meat at an environmental tempcn’uture at 30°C increased his metabolism 
(above the post-absorptive level) by 50 per cent. The reason that there was 
no apparent SDA at 7°C' is that at this low temperature the “bi\sal metabo- 

Borsook, II., Ergd). Ktizumfora., 4, 32 (1035). 

Borsook, II., Biol. Rw.. 11, 117 (1030). Btusook, 11., aiul Wiiioj^artlon, 11. M., 
Proc. Nat. Acad. Sci.. 17. 3, 13. 75 (1031). 

Borsook, II., and Koip;ld(\v, (1.. Proc. Xol. Acad. ScL, 19, 020 (1033). 

** The oxygen consuiuption of the kiiln*\v is saiil to ho vorv high, about 0 per ceut of 
that of the whole hotly at rest, llowt'vor, Doek (loe eit) reported “that at least SO per 
coat of the SDA is thie to inereased eneigy liberated by the lua^itie eells timing protein 
ingestion,” anti tliat “the t)\ygen et>nsmuplion ttf the kitlnev was the same in rats on 
high and low protein iiitake, aitlu>ugl» the ttUal oxygen intake i>f the ftuiner was 35 per 
cent greater than of the eontn>is on tlie low protein tliet.” Horstu^k anti Winegarden 
[Proc. Nat. Acad. Sci.^ 17, 3. 13, 75 (1031)|. aiul laiblin (/. kliu. .Med.. 109. 371 (102S)] 
found an increaaetl luait prt)tluetittn as rt'sult ol urea ingestiim; but t'arpenter [./, Nut.. 
16 , 400 (1038)1 fouiul no etTeet t>n heat protluetit>n ii\ humans following ingestion t>f 3t) or 
40 g urea; nor aeet»rtling tt» t'arpenter, did the tolKnving timl inereased heal production 
as result of urea ingest it>n : d'angl , Btoefu m . . 34. 1 ( 101 1 1 ; Lusk. J . Biot . Chem., 13, 37 


(1012); Grafe, Dent. Arch. klin. Mtd.. 118, 1 . (,1015); Koeher aiul 'rttrbet. ./. BioL Chem 
96 , 427 (1032); Katon, (\>rdill, ami th^uax, .Im. .J . PhgsioL, 113, 37 0035), also J. Nut. 
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lism” was higher on account of heat regulation, so that the heat of SDA 
replaced the heat of chemical regulation. 

Another methodologic factor contributing to the apparent variation in SDA 
of protein is due to the failure to continue metabolism measurements, of 
both energy and nitrogen, until after the nitrogen and heat production 
return to the starting base level (Fig. 4.3). There are great differences in 
the rates of catabolism of different amino acids, different diets, in different 
individuals, under different conditions, and it is no easy matter to obtain 
physiologically equivalent values for the nitrogen and energy involved in the 
given SDA processes. 

According to recent reviews^®, to which the reader is referred for details, 
some transformations of amino acids, as of glutamic acid^’, to urea (and other 
waste products) and to glucose are exothermic; others are endothermic, 
therefore, not realizable spontaneously, and requiring the driving force of a 
coupled exothermic reaction, and the SDA represents the difference between 
the energy produced and that used in the endothermic reaction. There is 
considerable disagreement among the experts^® on all matters relating to SDA. 

Carbohydrates undergo intermediate or preparatory stages, for example, 
phosphorylation (Ch. 6), on their path to storage (glycogen deposition) or 
oxidation, which changes involve a heat loss, the (SDA. So do fats. More- 
over, the conversion of fat to glucose-® involves an energy loss of about 21 
per cent, although the difference between the efficiency of fat and glucose 
utilization for work is only 11 per cent. Furthermore, physical changes, 
such as solution, osmotic pressure^®, and so on, involve additional heat libera- 
tion. The SDA of carbohydrates and fats may thus likewise be explained 
thermodynamically. Previous to his 1931 review, Lusk® attributed the SDA 
of carbohydrates exclusively to a plethora or mass-action effect. More 
recently the evidence, including that in Lusk’s®® laboratory, favors a thermo- 
dynamic interpretation. There is, in brief, no very good correlation®* of SDA 
to blood-sugar level or even to the R. Q.®® 

“ Borsook'*; Lusk®; Aubel, E., and Schaeffer, G., Ann. Physiol. Physicochim. bioL, 
8, 262 (1932) ; Krebs, H. A., Ann. Rev. Biochem., 6, 247 (1936); Wilhelmj, C. M., Physiol. 
Rev., 16, 102 (1935); Luck, ,1. M., Ann. Rev. Biochem., 1, 307 (1932); Lundsgaard, E., 
Skand. Arch. Physiol., 62, 223 (1931); Terroine, E. F., and Bonnet, R., Ann. Physiol. 
Physicochim . hioi . , 2, 488 (1926) ; 6, 268 (1929) ; Brody, S., Ann. Rev. Biochem., 3, 295 (1934). 

” Borsook, H., and Winegarden, H. M., Proc. Nat. Acad. Sci., 17, 75 (1931). 

28 Borsook, H., and Winegarden, H. M., “The free energy of glucose and tripalmitin,” 
Proc. Nat. Acad. Sci., 116, 559 (1930). 

2’ See, among others, Wilhelmj, Bollman and Mann, Am. J. Physiol., 98, 1 (1931); 
Lublin, A., Z. Klin. Med., 109, 371 (1928-29); Carpenter, T. M., and Fox, E. L., /. Nut., 
2, 359 (1929-30); Carpenter, J. Nut., 16, 499 (1938); Lundsgaard, loc. cit.; Grollman, A., 
Am. Physiol., 89, 157 (1929). 

8" Dann, M., and Chambers, W. IL, /. Biol. Chem., 96, 513 (1932). 

81 Mason E. H., J. Clin. Invest., 2, 143 (1925-6); Rabinowitch, I. M., Id., 143; Deuel, 
11. J., .1. Bwl. Chem., 76, 367 (1927); Baur, H., Deut. Arch. Klin. Med., 164, 202 (1929); 
Edwards, H. T., Margaria, R., and Dill, D. B., Am. J. Physiol., 108, 203 (1934); Car- 
|)enter, T. M., and Lee, R. C., Am. J . Physiol., 102, 659 (1932). 

82 Cathcart, E. P., and Markowitz, J., J. Physiol., 63, 309 (1927). 
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TIME AfTEP MEAL ( t200 QMS MEAT) 


Fie 4 3— The relation between heat production and urinary-nitrogen excretion 
plotted from data by Williams. Riche and Lusk (1912) Tlie data were obtained on a 
female bull-terrier dog weighing 13.5 kg after feeding 1200 pains of meat and kept in a 
calorimeter at 26° to 27°C. The dog received no iood for 24 hours preceding this feeding. 
The upper left chart represents the course of the ratio of Calories above basal (AO) 
during given hours to nitrogen (in grams) above basal during the corresponding hours 
The average ratio for the entire 21-hour period under observation is 11.1 ; that is, the total 
heat above basal produced during the 21 hours to the total urinary nitrogen excreted 
above basal during the same period was 11.1 Calories per gram of urinary iiitropn. 
(Williams, Riche, and Lusk say that “for the lyhole period the average increase in metab- 
olism for every 100 calories of extra 100 calories of protein oxidized is 45 calories and, 
“the ingestion of meat containing 900 calories in protein caused an increase in metabolism 
of 270 calories during a period of 20 hours, or the ingestion of 100 calories caused an in- 
crease of 30 calories in heat producticin. ) . , . . ■ 

The lower left chart represents the heat production and unnary-nitrogcn excretion in 

parallel manner; in the lower right chart the heat proi uction and the urinary nitrogen 
excretion above basal are represented as percentages of t he respective basal levels 1 his 
chart shows that the Calories reacli a niaximum va ue long before the nitrogen attains a 
maximum. It also shows that while the heat I>^pluct.on was increased two times the 
nitrogen excretion increased nearly six times. No e tha the curve is not symmetrical 
about the maximum; the niaxinium occurs during the (ifth hour, while the basal level is 

not reached again pcrhai>s for 24 hours or longei . 


4.2: Plane of nutrition and SDA. It is obvious that the SDA per unit 
food, especially of protein, will vary with the amount of nutrient titken and 
with the condition of the animal. Thus milk in moderate amounts ingested 
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by a suckling animaP^ will have an inappreciable SDA because the nutrients, 
especially the proteins, are largely stored, and the stored nutrients as such 
have no SDA^. Likemse, a breakfast small enough so that the SDA of the 
dietary nutrients merely cancels that of the body nutrients which would be 
mobilized if the small meal were not taken, exerts no appreciable extra SDA^*. 

‘ Richardson and Mason®® demonstrated that if only a maintenance ration is 
allowed, and that fed at two-hour intervals, the heat production will not rise 
appreciably above the basal level. 

By the same logic, the SDA will depend on the reference base employed. 
Employing basal heat production and endogenous nitrogen as reference base 
(Rubner method) as most physiologists do (Fig. 4.1), the SDA will be less 
than if the maintenance heat production is taken as reference base, as some 
agriculturists do (Kellner method). 

The Kellner method®®, as interpreted by Kriss®^ takes the maintenance 
metabolic level as reference base, and the SDA is evaluated not on the basis 
of one meal, as by Rubner’s method (Fig. 3.1), but by feeding the animal for 
days first on the maintenance level, then for days on the maintenance-food 
plus the test-food. The difference in heat production between these two 
planes represents the SDA of the test-food. The results obtained by the two 
methods are different : the SDA of protein, fat, and carbohydrate is higher 
when using maintenance than when using fasting heat production as reference 
base®®. The lower SDA obtained by the use of the fasting heat production 
as reference base is, as previously explained, attributed to the sparing of body 
nutrients from oxidation when food is fed to fasting animals. This is indi- 
cated by the fact that correcting for this sparing effect (on the assumption 
that the SDA of body nutrients catabolized in fast is the same as the dietary 
nutrients fed) raises the apparent SDA at submaintenance to near that 
obtained by the use of maintenance heat production as reference base. 

Kriss’ results with amino acids are, therefore, different from those obtained 
by the other investigators. Thus, Lusk and co-workers reported that while 
phenylalanine, alanine, and glycine have high SDA, glutamic acid, aspartic 
acid, and asparagine give negative results. Lundsgaard, Terroine and Bonnet, 
and others, reported that the SDA per gram nitrogen administered or excreted 


M Rubner'- Hoobler, B. R., .Im. J. Dis. Child., 10, 153 (1915). See also Necheles, H., 

Im ./ B/ifys/o?., 101 , 79 (1932); Levine, S. Z., cl a(., W., 33, 722 (1927). ^ „ 

3' Benedict F G , Boston Med. Sunj. J., 188, 849 (1920); Soderstroin, G. F., Barr, 
D. P., and Du Bois, E. F., Arch. hit. Med., 21, 613 (1918). Wang, C. C., Id., 46, 316 

^^'^sUtichardson, H. B., and Mason, E. 

^^vellner, 0., Landwirlschaftlichen ] ersuchstahoncti, 63 1 (IJOO). ^ 

37 Kri< 5 q M “The specific dynamic elTects of amino acids and their bearing on the 

causes of specific dynamic efTects of proteins,” J.Nut., 21, 257 (1941). 

'mu-Iss M Forbes, E. B., and Miller, R. C.. “The specihc dynamic effects of protein 

fat and carbohydrate as determined with the albino rat at different planes of nutrition, 
i. Nut., 8, 509 (1934). 
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is virtually the same for all amino acids. Kriss, on the contrary, using 
maintenance as reference base, reported that the important calorigenic factor 
is metabolizable enei'gy — not nitrogen consumed or excreted (as reported by 
Lundsgaard, Terroine and others), and not the nature of the amino acids 
consumed (as reported by Lusk and associates). Kriss* results apparently 
contradict those of the preceding investigators. However, the contradiction 
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Fig. 4,4— The course of heat proiluctiou in relation to feeding in cows. 


may not be real, because Kriss’ results are not comparable to those of the 
other investigators unless corrected for the ditTerence in reference base em- 
ployed. 

The following table iiuli(‘ates that when maintenance is used as ivference 
base, the carbon and hydrogen part of the amiito acids is the major controlling 
factor in the level of SI) A. d'his table harmonizes with the theory that at 
or above maintenance, the SPA represents the energy liU^ration of the 
intermediate chemical reaction of all nutrients, ivgardless of their nature. 
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SDA, in Calories, employing the maintenance level as reference base on rats. (Kriss’’) 


Food Category 

Per 100 Cal energy me- 
tabolized 

Per 100 Cal amino acid 
metabolized 

Per 100 Cal gross energy 

Per g amino-acid carbon 
metabolized 

Per g amino acid fed 

Per g amino acid metab- 
olized 

Per milimol amino acid 
metabolized 

Per g extra urinary nitro- 
gen excreted 

Per g nitrogen fed 


Glu- 

tamic 

acid 

Alanine 

Glycine 

Glycine 

2.1 g 

1.8 g 

2.4 g 

1.8g 

68 

60 

62 

55 

92 

82 

69 

65 

55 

40 

40 

37 

7 

7 

4 

4 

2.0 

1.7 

1.2 

1.2 

2.8 

2.9 

1.4 

1.4 

0.4 

0.3 

0.1 

0.1 

29 

13 

7 

7 

22 

11 

7 

6 


Coeffi- 



As- 


cient 

Tyro- 

partic 

As- 

Varia 

sine 

Acid 

paragine 

tion 

1.3 g 

2.0 g 

2.0 g 

C%) 

49 

42 

52 

15 

49 

63 

67 

20 

29 

33 

34 

22 

5 

4 

4 

28 

1.7 

1.0 

1.0 

29 

2.7 

1.4 

1.5 

37 

0.5 

0.2 

0.2 

60 

19 

13 

7 

60 

22 

9 

6 

61 


Forbes^^ suggested that the reference base for SDA computations should be 
neither basal (fasting) nor maintenance metabolism, but fasting heat produc- 
tion less the heat increment of utilization of body tissue catabolized during 

fast. 

Forbes suggests the use of maintenance as the most practicable reference 
base, because “above maintenance, heat increments are measured with the 
minimum of ambiguity, with the heat production of energy equilibrium as the 
base value”. Below maintenance the heat increments “are of mixed or in- 
definite significance by their contamination with energy expense of utilization 
of body nutrients catabolized”. 

To the present reviewer, however, it appears that the heat increment of a 
food above the maintenance level would also be “of mixed or indefinite 
significance by their contamination with energy expense of utilization”, 
because the extra food above maintenance would be used for different purposes 
depending on the nature of the productive process. In the adult, the extra 
food would be used for fattening; in the young for growth; in the lactating 
animal for milk production, and so on, each involving a different energy 
expense of utilization and/or organization with resulting mixed significance. 

There does not seem to be a definite SDA except under sharply defined 
reproducible conditions. The contradictory results and theories in the 
literature are due to the lack of definition of the influencing conditions. In 
the nature of the case, the SDA— and, therefore, the net energy— of a diet 
must differ with each of the influencing factors. 

4.3: Nutrient unbalance and SDA. The absence of a limiting component 
from the metabolizable nutrients results in dietary unbalance and tends to 

increase the SDA. 

Such an unbalance may be illustrated by the absence of one of the ten odd 
limiting amino acids from the dietary protein. As a result of the unbalance, 
the animal will be unable to synthesize its characteristic tissues or other 


3 ‘| 


I'orbes, K. B., rcnnsylvania .\gr. Exp. Sta. Bull. 415, 1941. 
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products from the remaining amino acids. As the other amino acids are not 
utilized for protein synthesis, they are deaminized with consequently asso- 
ciated SDA as previously explained. 

But other limiting nutritional factors may have a similar effect. Thus 
MitchelB® reported that lack of common salt reduces the utilization by chicken 
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Figure 4.5— Tlio course of iieixt protluetiou in relation to feetliug in goats. 

of the metabolizable energy of a corn ration. Several reports^' indicate simi- 
lar declines in utilization of metabolizable energy when phosphate is the limit- 
ing factor. While the inthienee of such delieieneies on SDA remains to be 
worked out, it is reasonable to a.ssume that tlie ^7).l is increased because, by 
definition, the metabolizal>le energy is eompose<l of net ei\ergy (the part 


30 


^®Mitoholl 11. H., aiul t'annan, t). (5., ./■ ('hem.. 68. Uk5 

Riddell W. II., Uughos, .1. S.. and Fitoh, H., Kans. Agr. K\p. St a. Too 
1034. Kioiher, M., Cloas, IF, and (.luilluMt, U. IF, d. A'a/., 12, 121 (1030). 
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utilized for mamtenance and production) and SDA (the part that is wasted), 
and decreased metabolizable-energy utilization necessarily means increased 

SDA. 

4.4: Agricultural implications. The foregoing discussion indicates, first, 
that while the literature on SDA represents things that happen, the happen- 
ings are highly variable, depending on so many uncontrolled and uncontroll- 
able factors that the results can be taken only as suggestive guides rather than 
as quantitative relations. Secondly, the results were obtained on^ dogs and 
rats, and it is evident that it is not possible to evaluate the SDA of individual 
amino acids or any simple nutrient in large farm animals, especially in cattle, 
with their basic diet of voluminous roughage and the associated fabulous 
flora and fauna that converts even urea to protein, and which ferments the 
rumen material with much heat production not differentiable from SDA. 

Benedict and Ritzman published data on heat increment of feeding in 
steers^^ and sheep. « These increments appeared unexpectedly early and 
large. The theory given was that the anaerobic fermentation in the rumen 
results in early formation and absorption of short-chain fatty acids, such as 
butyric, which exert a heat-simulating effect of the Voit variety, piior to the 
protein 'effect.^® The author has accumulated a great mass of similar data, 
some illustrations of which are shown in Figs. 4.1 to 4.7, on which he hopes 
to report in detail in the future.^ More controlled data on steers will be 

discussed in the following chapter. . 

Whatever the theories, which are necessarily more or less works of imagina- 
tion, the fact is that the heat increment of feeding in large farm animals, 
especially in ruminants, fed dietary unbalanced roughage, is huge. This 
heat increment could be reduced or perhaps abolished by feeding at appro- 
priate intervals a perfectly balanced diet, as did Richardson and Mason. 
But, of course, farm animals are not kept for maintenance but for production, 
and they are never fed proteins of 100 per cent biological value in particulai 
or perfectly balanced rations with regard to needs in general. It would not 
be very profitable to feed milk to dairy cows or eggs to laying chickens. 
Moreover the handling of bulky farm feeds, especially by ruminants, involves 
other energy expenses than those investigated by Rubner, Lusk, Terroine 
and others on dogs, rats, and frogs. The heat increment of feeding m farin 
animals is therefore large, about 20 per cent of the gross energy of the good 
customary “balanced” mixed rations consumed (much higher when fed poor 
roughage alone), or a heat production in dairy cattle under “normal” feed 
conditions of about 50 per cent above that in the fasting condition. 


Benedict , F. G., and Ritzman, E. G„ “The metabolism of fasting steers,” Carnegie 

iienedic^t ^“Heat production in sheep,” New Hampshire Agr. Exp. 
Sta Tech Buil. 45)^ 193; “NTitritional physiology of adult ruminants,” Carnegie Inst. 

Washington M,,„ce H. E., /. Agr. Sci., 14; on pigs, Capstick, J. W., and 

Wold T B Sr/K 94B, 35 (1922); Deighton, T., W., 9BB. 340 (1923); and 
J. Agr.Sci.A^, 140 (1929). 
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BIOENERGETICS AND GROWTH 


The large heat increment is an effective protection against cold; this ex- 
plains, in part, the ease of wintering livestock, especially ruminants, on a poor 
hay diet in the cold western states where the temperature is often —40° F. 
(Ch. 11). By the same token, the SDA is a serious burden in hot weather, 
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Fig. -4.7— Tlic course of heat production in relation to feeding in goats. 




l)opulaiIy expressed by saying that heavy feeding, especially with protein- 
rich feeds, “burns out” the animal, and one of the major problems of animal 
busbaiidry is to keep down the summer body temperature in productive 
animals (Ch. 11) and, thus, maintain productivity. 

4.6: Summary. The basal energy and nitrogen (endogenous) catabolism 
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represent the irreducible caloric and nitrogen maintenance expenses respec- 
tively, Specific djmamic action, or SDAj or heat increment of feeding, or 
calorigenic effect of foods, represents the extra heat incident to the utilization 
of food or feed. The SDA of the extra protein is thus represented by the 
ratio of the resting heat production in a thermoneutral environment above 
the basal level to the nitrogen excretion above the endogenous level ; or when 
using maintenance as reference base, it is represented by the ratio of the rest- 
ing heat production above the maintenance level to the nitrogen excretion 
above the maintenance level. Similar representation may be made with 
respect to feed consumed or metabohzable energy consumed. 

The SDA is very variable depending on the base level employed, on the 
plane of nutrition, on the balance between nutrients, on the nature of the 

productive process, and so on. 

In cattle and sheep the SDA is further complicated by fei mentation in the 
rumen, including heat generation in the rumen, a heat not differentiable from 
SDA heat. As a result, it is difficult to apply the great analytic literature on 
SDA from the thermod 5 mamic viewpoint to the interpretation of the heat 
increment of feeding in farm animals, which must for the present rest on an 

6iiipinc&l l^ssis 

An analysis of the literature on dog and rat is, however, presented by way 
of background, giving special attention to the SDA following protein inges- 
tion. If the ingested protein is not stored by the animal, its nitrogen is elimi- 
nated in the urine, and the carbon may be either stored in the body or oxidized. 
If all the carbon is oxidized, then, of course, since the physiological fuel value 
of protein is approximately 4 Cal/g, the heat increment of feeding of piotein 
is about 4 Cal per g protein ingested, or 4 X 6.25 = 25 Cal per g of extra 
urinarj" nitrogen excreted. The usually observed SDA of piotein (as of meat 
fed to a dog as shown in Fig. 4.1) is about 30 per cent of its metabolizable 
energy, from 8 to 12 Cal per g N excreted. The calorigenic effect of protein 
evidently varies with the nature and balance of the ammo acids, and with 
the ability of the animal to store the protein or/and its deaminized fraction. 
Variations due to storage of protein may be eliminated by comparing calori- 
genic effects of a protein, not with the protein ingested, but with the extra 
nitrogen excreted. The extra heat will then represent the heat evolved in 
consequence of deamination, urea formation, and ivoik of excietion of the 


nitrogenous waste products. 

Attention is called to a few applications, such as the importance of the heat 
increment of feeding in outdoor wintering of animals in cold weather, or over- 
heating in hot weather ; the reduction of the SDA by frequent feedings of 
small meals, by muscular work, by balancing the nutrients in the ration. 


and so on. ^ ■ n , 

The following chapter discusses the quantitative aspects of the influence of 

the plane of nutrition on the utilization of rations, with special reference to 
the heat increment of feeding in farm animals. 



Chapter 5 

Plane of Nutrition, the Principle of Diminishing Increments, 

and Efficiency 


The law of diminishing returns has been applied to phenomena which in- 
volve decrease in the per unit effect of some causal factor as the magnitude 
of the acting factor increases. W. J. Spilbnati 


6.1: The principle of diminishing increments. If the dietary metabolizable 
energy is perfectly balanced with regard to all nutritional needs, and if it is 
fed below the maintenance level, it merely replaces what the liver would have 
delivered to the blood for maintenance, and the SDA (the extra heat incre- 
ment incident to food utilization process in total) will be inappreciable; the 
SDA of the diet merely replaces that of the l)ody nutrients, which would 
otherwise have been mobilized for maintenance needs. Above the main- 
tenance level, however, the SDA progressively increases, or the net energy 
(the total food energy, less SDA and other food-utilization energy expenses) 
decreases for successive increments of food intake. The tendency for decline 
in utilization of successive dietary increments is an example of a ubiquitous 
phenomenon often generalized b}^ the principle of diminishing returns, or 
diminishing increments, or the Weber-Fechner law, or the law of mass action 
(Wilhelmy, 1850). 

This principle has been long recognized: ‘‘Increase in yield cannot be pro- 
portional to the fertilizer supplied, but it rises at a far smaller rate^^ (Justus 
von Liebig, 1860). “The man blessed with plenty of this world's goods re- 
quires a correspondingly larger increase in his good fortune than does the poor 
man in order to derive the same amount of pleasure”. “The more additional 
means are expended, the less striking is the effect, which stretches out to al- 
most vanishbig fineness” (F, A. Lange, 1870), and so on. 

Liebig^ was probably the first to formulate this idea under the name of the 
“law of the minimum”, which may be shown to be a special case of, if not 
identical with, the principle of diminishing returns. Liebig’s formulation 
is based on the relation of fertilizer supply to plant growth, as was, much 

^ Liebig, J. V., “Die Grundsatze der Agriculturcheiuie”, 1S55; “Die Clieiuie in ihrer 
.\nwendung auf Agrikultur”, 1875. 
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later, ^litscherlich’s- and, independently, Spillman’s.^ It is evident that 
additions of successive units of fertilizer cannot increase the yield propor- 
tionally, unit jdeld for unit fertilizer; otherwise the yield could become in- 
finitely great by infinitely large additions of fertilizer. Likemse, the con- 
sumption of successive food portions cannot benefit the consumer by equal 

amounts. 

A different biologic illustration of the principle of diminishing increments, 
discussed in detail in Chapter 16', is the decline in the time rate of growth in 
weight gains, dW/dt, with increasing age following the pubertal inflection. 
This may be represented by several equations, such as 


dW 

dt 




in which k represents the relative rate (or when multiplied by 100, the per- 
centage rate) of decline of the differential time gains in weight, and e is the 

base of natural logarithms. 

Here is an actual numerical illustration^ of equation (5.1) : The weight gains 
in successive months of a group of guinea pigs were observed to be 112, 90, 
70, 56, 43, 35, 27, 21 • • • grams. The value of k is then approximately: 

112 — 90 _ 90 — 70 _ 70 — 56 _ 56 — ^ _ ^ 2 ^ or 22 per cent per month ; 

112 90 70 56 . 

k = .22 (approximate! jO- Having the value of k, the value of c is easily 

computed.^’' 

The absolute gains per unit time decline for successive months, but the per- 
centage decline, 100A-, is constant. Since the gains in weight decline, the sign 

of k is negative. 

Equation (5.1) may be written in several other forms, such as: 

— ' = -HA - U’) (5.2) 

dt 


in which A is the mature weight, H', of the animal. The equation says in 
effect that the time rate of growth, d]V/dt, is proportional to the remaining 
gains, A - IT, yet to be made to reach tlie maximum weight, A . The farther 
from the mature weight, .1, the more rapid the growth. As the animal gets 
older, the values of the gams remaining to be made, ..I 11 , become piogies- 

sively smaller, and so dW/dt becomes correspomlingly smaller. The meaning 
of the numerical value of k is the same as in eip (5.1). 

2 I'l \. “Dns Ccsclz (lo.s Miniinuius”, /(i/iW)., 38, 537 (.IWO); 

“Zuin Gosotz lies iVlanzeiiwuehstuiu". I.<uidir. Jahrh., 53, 130, 1(>7 (I'tl',)); Fuhlings 

Landw. Z., 68, 130 (1010); mul lumiv otluM- pmihms, 

’Spillnwn, \V. "'l'l>e Is'v ol ilnniinslniiu: ivliinis , U inla Hook ( o,, lOJl ; I .S.l). 

.\Kncultm'e Teeii. Hall- OIS, 103.^ ,■ m \ r u u ii o- loi- 

^Sepjilso Itroilv S "Crowlh KmIos", 1 luv. Mo. Asr. K\p. M:i. Ues. Bull.O,, lO'J- . 

“ Bl'odv S “(o'lietie ni'owlli coiistniils , ./ . (mi. I husml.. 8, .3i (,10-0). 

lloekcV ('i 11., Siiiilli.soiuan MalluMoatical taWes, 1S71, Smithsonian Institution, 

Washinglon’, 1021 (pp. 220 ami 203). 
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The differential (time rate) equations (5.1) and (5.2) may be written in the 
integral (cumulative) form, giving not the differential weight gains, dW/di, 
but the total body weights, TF, as a function of age, 

W = A - (5.3a) 

In some cases, or from some viewpoints, A equals B (that is, TT == 0 when t = 
0), in which case the equation is 


W = A{1 - (5.4a) 

Equations (5.1) to (5.4) are growth equations; but such growth (following 
puberty) is evidently an illustration of the principle of diminishing increments : 
the weight, F, gets larger with increasing age, but the increases per unit 
time become progressively smaller. Time, t, may be formally considered as 
the ^‘causative agent”, which has less and less effect on increasing the body 
weight. The physiologic significance of a physical time® unit declines with 
increasing age (Ch. 19). 

Instead of body weight, F, and age, tj we may relate milk-energy produc- 
tion, FCM (which represents milk corrected to 4 per cent fat, having a com- 
bustion value of 340 Cal per pound, or 750 Cal per kg), to TDN (digestible 
nutrient) consumption. In this case equation (5.3) becomes 


FCM = A - (5.3b) 

The FCM yield rises with increasing TDN production, but at decreasing 
increments; the successive TDN units consumed elicit progressively smaller 
milk (FCM) production increments. 

Instead of discussing particular products, as milk, or egg, or fat, or work, 
we may say that as the dietar}’’ gross energy, Qg, consumption is increased by 
equal units, the net energy, Q„, that is, the magnitude of the energy recovered 
in the given product, become progressively smaller ; that is 

Q„ = A - (5.3c) 


In addition to its application to the effect of fertilizer increments on crop- 
growth increments, previousl}'' cited, this principle has been used in agricul- 
ture for relating the effect of feed-intake on its net energy valued on growth 
rate^'®, and on milk production.® 


® Brody, S., '‘Relativity of pliysiologic time’', Growth, 1. 60 (1937). 

’ lirody, S., and Procter, R. "Influence of the plane of nutrition on the utilizability 
of feeding stulTs”, Univ. i\Iissouri Agric. Exp. Sta. Res. Bull. 193, 1933. 

® Jull, AI. A., and Titus, H. W., "Growth of chickens in relation to feed consumption”, 

36, 541 (1928) ; 48, 817 (1934) ; Pow/fr/y iScfcnrc, 11. 74 (1932). Titus. Po id fry 
Sci., 7, 254 (1928). Hendricks, W. A., "Fitting the curve of the diminishing increments 
to the feed consumpti<)n-livo weight growth curves”, Scie7ice, 74, 290 (1931). Hendricks, 
Jull, and Titus, I<L, 73. 427 (1931). 

'■•Jensen, E., Klein, J. W., Rauchenstein, E., Woodward, T. E., and Smith, R. H., 
"Input-output relationships in milk production”, U.S.D. Agriculture, Tech. Bull. 
815, 1942. 
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Spillman* and Jensen® employed the equation 


W = A - BR’' 


or when A = B, 


IK = ^ (1 - R') 


(5.3d) 

(5.4b) 


which are evidently similar to our equations (5.3a) and (5.4a), re.spectively, 
by letting 

e“‘ = R" 


R*, or being the ratio of the successive increments— of the second to the 
6rst, third to the second, and so on, which is Constant— resulting from the 
corresponding unit increments of fertilizer, food, or other causative factors. 
IT is the cumulative weight associated \vith the consumption of n units of food. 

6 . 2 : The principle of d imini shing increments and the net energy values of 
cattle and rabbit feeds. The net energy per unit food is the gross energy less 
the energy losses associated with its utilization (Sect. 2.3). From the law 
of the minimum, food-\'alue tables notwithstanding, the net energy per unit 
food is not a constant but varies with many circumstances, such as the balance 


between nutrients in relation to their use in the body, amount of loughage, 
environmental temperature, endocrine constitution of the animal, and plane 
of nutrition. Brody and Procter’ have investigated mathematically, from 
the viewpoint of the principle of the diminishing increments, the influence of 
the plane of nutrition, or amount of feed ingestion, on the digestible-, metab- 
oUzable- and net-energy values of steer and rabbit rations. 

The data were obtained by Forbes et aZ.‘“ (Pa.) on 433-kg steers, Mitchell 
et al.“ (111.) on a 613-kg steer, and Wiegner^® on a 2.8-kg rabbit. The data 
(interpolated from smoothed curves) are given in Table 5.1 and the fit of 
equation (5.4) to the relation between net energy to total feed intake is given 

in Fig. 5.1. 

As indicated by the statistical constants, Sy, ?, and average deviations, 

equation (5.4) fits the data excellently. 

The average equation for the Pa. (Forbes) steers is 



24000(1 - c- "*""®") 


which means that the average theoretical maximum net energy obtainable 
per day is 24000 Cal, and that the net energy, Q„, rises with the intake of 
gross energy, (?„, at decreiising increments ; that for every 1000 Cal (about 
h lb feed) increase in gross energy, Q„ the decline in the net energy rise is 

about 2.5 per cent. 


Forhps 10 11 Braiuiin, W. \V., luul Kriss, Al., it (i/., J . Agii. Res., 37, 253 (192S); 
M) 37 iS- Nut 6, 183 (1032); 16. 565 (1938). 

’» Mitchell H 11 Hamilton, T. S., et at., J. Agr. Res., 46, 163 (1932). 

WiegiTe ’ G , unci Ghoncin . Die Tierermihrung, 2. 193 (1930). 
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Fig. 5.1— Net energy as function of gross energy intake. The data points represent 
the observed values; the smooth curves represent the equations given in the upper-left 
table. In the equations, Qn represents the net energy, Qj the gross energy, and e the base 
of natural lo'mrithms. Curve “A” includes all of iMitchell’s data; curve “B” omits the 
first (1/5-plane) datum. ±Sy includes 6S% of the observed data; r represents the corre- 
lation coefficients for the several curves. The table below gives computed values for 
gross energy (G. E.) and dry matter (D. M.) corresponding to different values of net 
energy. The values were computed from the equations given in the upper-left table. 


Net 

Energy 

Caf. 

36-Pa. 
Wt.479 Kg. 

47-Pa. 

Wt. 484 Kg. 

57-Pa. 
Wt.398 Kg. 

60-Pa. 

Wt. 369 Kg. 

“A’-ni. 

Wt.613 Kg. 

“B-'-Ill. 
Wt. 613 Kg. 

G.E. 

Cal. 

D.M. 

Kg. 

G.E. 

Cal. 

D.M. 

Kg. 

G.E. 

Cal. 

D.M. 

Kg. 

G.E. 

Cal. 

1 DM. 
Kg. 

G.E. 

Cal. 

' D.M. 

Kg. 

1 

G.E. 

Cal. 

D.M. 

Kg. 

1 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

5000 

COOO 

7000 

8000 

9000 

10000 

12000 

14000 

10000 

18000 

20000 

22000 

847 
1604 
2621 
3508 
4436 
5363 
6371 
7379 
8347 
9395 
11613 
13011 
, 10331 
18952 
21774 
27944 
35282 
44315 
55887 
72177 
100322 

0.19 

0.38 

0.58 

0.78 

0.98 

1.19 
1.41 
1.63 
1.85 
2.08 
2.57 
3.08 
3.01 

4.19 
4.82 
0.18 

7.81 

9.81 
12.37 
15.97 
22.20 

837 

1073 

2590 

3466 

4383 

5299 

6295 

7291 

8247 

9283 

11474 

13745 

10135 

18725 

21514 

27010 

34800 

43785 

55219 

71315 

99123 

0.19 

0.37 

0.57 

0.77 

0.97 

1.17 

1.39 

1.61 

1.83 

2.05 

2.54 

3.04 

3.57 

4.14 

4.70 

O.U 

7.72 

9 . 09 

l'> 00 

15.78 

21.94 

794 
1588 
2419 
3285 
i 4152 
5018 
5957 
0895 
7870 
8845 
10903 
13009 
15451 
17900 
20014 
2t»043 
33899 
42996 
55102 ' 
73040 
113357 

O.IS 

0.36 

0.54 

0.74 

0.93 

1.12 

1.33 

1.54 

1.70 

1.98 

2.44 

2.93 

3.40 

4.01 
4.61 
5.90 
7.59 

9 . 02 
12.35 
10.48 
25.37 

913 

1826 

2831 

3790 

4795 

5845 

6895 

7945 

9041 

10183 

12511 

14977 

17020 

20305 

23333 

1 29803 

1 37489 
40007 
5S12S 
73510 
90803 

0.20 

0.41 

1 0.63 
0.85 
: 1.07 

1.31 
1.54 : 
1.78 i 
2.02 
2.28 
2.80 
3.35 
3.94 
4.56 
5.22 
. 08 
8.39 

10.44 
13.01 

10.45 
21.66 

796 
1542 
2338 
3085 
3930 
4726 
5572 
6418 
7204 
8209 
10000 
11841 
I37SI 
15871 
17900 il 
22537 ' 
1 2741x1 
33035 
39154 
40318 
54726 

0.18 
0.35 
0.53 
0.70 
, 0.89 

' 1.08 
, 1.27 

: 1.46 

; 1.65 

i 1.87 

0 ‘>7 

1 M M 1 

i 2.69 

1 3.14 
’ 3.61 
; 4.09 

5.13 

! 6.25 : 

7.52 , 
8.91 ' 
10.54 
12.45 

828 

1656 

2548 

3376 

1 4268 

1 5159 

i 6051 
7006 
7898 
8853 
10764 
12803 
14841 
16943 
19172 
23822 
28790 
34267 
40191 
46624 
53885 

0.19 

0.38 

0.58 

0.77 

0.97 

1.17 

1.38 
1.59 
1.80 
2.01 
2.45 
2.91 

3. 38 
3.85 
4.36 
5.42 
6.55 
7.80 
9.14 
10.61 
12.26 
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Fig. 5.1 is supplemented by the several additional charts, explained below. 

Figs. 5.2 A and B represent the net energy as function of intake of (1) 
gross, (2) digestible, and (3) metabolizable energy, with their equations; Figs. 
5.2 a and b represent the ratios of net energy to each : (1) gross, (2) digestible, 
and (3) metabolizable-energy intake. 

Fig. 5.3, plotted on arithlog paper, represents the various losses associated 
with feed utilization as percentage of the gross energy ingested. The greatest 
increase in energy loss with increasing plane of nutrition appears to be due to 





ENERGY INTAKE (GROSS. DIGESTIBLE DiGESTIBLi LESS METHANE. METABaiZABLE) 

Fig. 5.2 — Xet energy as function of gross, digestible, digestible less methane, and 
metabolizable energy. Curves A and B represent respectively Mitchell's and Forbes’ 
(average) steer data; curves a and b represent the percentage ratios of net energy to 
gross, digestible, digestible less metliane, and metabolizable energy for Mitchell’s and 
Forbes’ steers. In curves a, the values in parentheses represent the ratios with the 1/5- 
plane omitted. 


the SDA. It rises from about 3 per cent on the 0.5-maintenance ration to 
about 20 per cent on the 3-maintenance ration. 

The absolute loss is greatest for the fecal energy, but the range in loss is 
only from 20 to 32 per cent. Fven fasting animals pass considerable fecal 
material, since uiifligestetl feed constitutes but a part of the feces. 

The methane percentage loss in steers is relatively constant, about 9 per 
cent of the gross cii(‘rgy. The urinary i)crccntage loss, of course, depends on 
the nitrogen intake. In this clusc it ranged from 3 to 5 per cent. 

The net energy percentage (of the gross-energy intake) declines for Forbes’ 
steers from about 54 per cent at 0.5 maintenance to about 40 per cent at full 


PLAXE or XVTRITIOX 


83 


PIAN£ Of NUTRITION ' 



DPY MATTER CONSUMED 


Fig. 5.3 — The several losses (urine, methane, SDA,, and feees) expressetl as percent- 
ages of gross energy intake; also the net, metablizable, and digestible energies expressed 
in terms of percentages of gross-energy intake; also, total heat production in terms of 
percentage of gross energy intake. The planes of nutrition (upper axis) are represented 
m the case of Forbes’ steers in terms of gross energy at maintenance; in the case of 
Mitchell’s steers they are expressed in terms of gross energy at ‘'full feed”. 
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feed, and for Mitchell’s from about 65 to about 42 per cent. The declines in 
digestibility and metabolizability with increasing plane of nutrition are less 

conspicuous. 

The other charts and tables call for less explanation. The upper segment 
in Fig. 5.4 presents the course of digestibility of the several dietary constitu- 
ents with increasing plane of nutrition; the lower segment, the course of the 
percentage changes of the various energy categories with increasing plane of 

nutrition. , j • j. 

Fig. 5.5 presents the ratios of net energy to digestible energy plotted against 

plane of (1) gross energj' intake, (2) digestible energy, and (3) basal energy. 




The equation of the ratio of net energy, Q„, to digestible energy, Q^, plotted 
against the plane of nutrition, Qp, is 

QJQ, = 43e-Op -t- 54 


indicating that the net energy does not fall below 54 per cent of the digestible 
energy. 

Finally Fig 5.6 represents the influence of the plane of nutrition on (1) 
various energy losses; (2) various feed-energy categories; (3) body loss or 
storage for the three groups of animals. The gains or losses at any point of 
food ingestion are shoiim by the lengths of the ordinates at the given point 
between the indicated limits. Note that at the maintenance-balance le^'el, 
the net energy value is identical with the basal-metabolism value, and the 
total heat production ciiiwe crosses the metabolizable-energy curve. 

In summary, increasing food intake tends to reduce the net-energ)' value 
per unit food in accordance with the principle of diminishing returns. A 
detailed analysis is presented on the applicability of the principle to the 
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course of net-energy change of cattle and rabbit feeds with increasing plane of 
nutrition as observed on 430-kg and 615-kg steers and on a 2.8-kg rabbit. 

6.3: The principle of diminishing increments and food consumption during 
growth. We have seen (Sect. 3.2.3) that as the animal grows larger, its main- 



Fig. o.Ga— Tlie relations hetweea the plane of nutrition and tlic energy losses in the 
forms of feces, methane, urine, SDA in cattle; also energy storage (fattening) following 
tlie maintenance level, and body losses preceding the maintenance level. The gains or 
losses at any point of food ingestion arc determined by the lengths of the ordinates at the 
given point between the indicated limits. At the maintenance level the net-energy 
curve crosses the ‘‘basal” imdabolisni curve, and the mctabolizable-i 
the total heat production (basal plus SDA energy) curve. 


energy curve crosses 


tenanco cost in comparison to weight gain increases and, therefore, the ener- 
getic ctlicicncy of growth decreases; that is, as the animal approaches mature 
weight, the successive increments in body weight decrease per unit food intake ; 
finally, growth virtually ceases while food consumption continues for main- 
tenance alone. 
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Spillman* and more recently Jull, Titus, and Hendricks* applied the ex- 
ponential, or diminishing-incR'inent, equation relating growth to feed con- 
sumption in farm animals. Equation (5.4) represents very satisfactorilj' 


res. 1 


DR.Y MATTER CONSUMED 

4 S 6 7 6 9 lO 



7 FECES E. 


METhANE ■[ 
URINE E. 


yS.D.A. E. 


>STORAGE E. 


VMAINTENANCE 


"FULL FED' 


Plane of Nutrition 
Fig. 5.6b— Same legend as 5.6a 


the interrelation between weight and feed consumption during growth. It is 

while the general principle is the same, the causatite factois aie 

of different nature for the effect of food-intake let'el on growth when age and 

# 
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body weight are increasing than for the effect of food-intake level on the net 
energy at a constant age discussed in the preceding section. 

CALS. 



Plane of Nutrition 

Fig. 5.6c — A continuation of Fig. 5.6a, as it relates to the rabbit. 


Fig. 5.7 is offered as an illustration of the relation of body weight to the total 
feed consumption with increasing age in immature chickens. The given equa- 
tion indicates that the differential successive weight gains per kilogram feed 
consumed decline at the rate of 9 per cent ; that is, each weight-gain increment 
per kilo feed consumed is roughly 9 per cent less than the preceding increment; 
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or what is the same, each increment is roughly 91 per cent ol tne preceaing 
increment. The value 3.7 represents the theoretical maximal body weight in 

kg attainable by these chickens. 


CD 

C 

.2 

3 

CD 

o 

bO 

c 



> FECES E. 


>UlbNE E. 6 
^ METMANEE. 

Vs. DA. E. 


^STORAGE E. 


^MAINTENANCE E. 


Fig. 5.6d 


SA 2 -"'3 

Phine of Nutrition 

A continuiition of Fig. S.Ga, as it relates to the rabbit 


For additional illustrations of the application of equations (5.3) and (5.4) 
to the interrelations between growth and feed consumption, the reader is re- 
ferred to the literature cited and to the preceding chapter (Sect. 3.2.3) which 
contains data suitable for analysis from this viewpoint. . 

The foregoing discussion was concerned with the interrelations between 
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weight gains and “normal” food consumption associated with advancing age 
during growth, regardless of the efficiency or economy aspect. We also have 
the problem of influence of rate of weight gains and of plane of nutrition on 
feed economy (in contrast to total economy including cost of labor, etc.). Is 
it more economical to feed, for example, growing pigs ad libitum or to restrict 
to lower levels? It is usually assumed that the greater the feed consumption 
the more rapid the growth and the more economical the gains because of 
the saving of some maintenance cost per unit weight gain. On the other 


CUMULATIVE FEED CONSUMPTION, LBS. 



CUMULATIVE FEED CONSUMPTION, F, KGS. 

Pig, 5.7— The relation between live weight and cumulative feed consumption 

in growing chickens. 


hand, as previously noted, the greater the feed intake the lower the feed 
utilization, and the less the net energy per unit feed consumption. More- 
over, underfed animals det'clop a “growth debt” which may enable them to 

utilize food more efficiently than well-fed animals. 

Considerable research has been conducted at the Missouri Station^* on the 
growth of cattle on various planes of nutrition (Ch. 16). At this time refer- 
ence is confined to the results of Ellis and Zeller*^ on the feed required to in- 


” Missouri .\gric. E.xp. Stu. Res. Bulls. 43, 54, 55, and others. 

Ellis, N. IE, luui Zeller, J. H., U.S.D. Aj^riculturc, Tech. Bull. 413, 1934. 
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crease the body weights of pigs by 50 pounds, from an initial 70 to a final 120- 
pound level, when the pigs are fed ad libitum, at 4, 3, and 2 pounds feed per 
100 pounds body weight. It was observed that while the growth rate de- 
creased with decreasing feed allowance, the weight gain per unit feed con- 
sumed increased : one pound feed yielded 0.24, 0.29, and 0.32 pound of body 
weight gain when the animals were fed, respectively, 4, 3, and 2 pounds feed 
per 100 pounds li^'e weight. The lowest plane of nutrition required 40 per 
cent more time to make a gi\'en gain in weight, yet yielded 33 per cent more 
body weight per unit feed. These differences in weight gains are, however, 
not indices of differences in gross energetic growth efficiency because the gains 
in the slowly growing animals contained more lean and water and less fat 
tissue than in the rapidly growing : the body fat constituted 36, 34, and 29 
per cent respectively on the 4-, 3-, and 2-pound planes of nutrition. 

6.4: The principle of diminishing increments and milk production. We 
shall discuss two types of diminishing increments in milk production: (1) that 
of energetic efficiency with increasing milk production level associated with 
inherent differences in lactational capacity on a standard ration, and (2) 
milk yield with increasing feed consumption in the same animals in which 
feed consumption is deliberately controlled by adding more or less of grain 
to the ration. 


The diminishing-increment course of gross energetic efficiency of milk pro- 
duction with increasing milk yield is indicated in Figure 1.2 (page 5). The 
causal factor actuating the decline in increments is evident. The gross 
energetic efficienc}', which carries the maintenance burden, can ne\'er be as 
great as the net efficiency, which is not thus burdened with the maintenance 
tax. With increasing milk yield the gross efficiency approaches the net effi- 
ciency as a limit. From its asymptotic nature, this approach occurs at ever- 
decreasing increments. 

The causal mechanism actuating the decline in milk increments with suc- 
cessive units of grain intake in the same animal is of a more complex nature. 
There is first the decline in feed utilization, in net energy per unit feed with 
increasing feed intake (Sect. 5.2). Secondly, there may be a decline in the 
energetic efficiency of the entire milk-producing mechanism with increasing 
lactation rate above a certain production level similar, for example, to the 
decline in the energetic efficiency of an automobile with increasing dri\ing 
speed above about 30 miles an hour tC'li. 24). 'I'ahle 5.2 appears to indicate 
that the gross energetic efficiency of milk priuluction tends to decline if in- 
creased milk production is brought about by feeding beyond certain levels. 

The gross energetic etliciency of milk production may he estimatetl (Ch. 21 ) 
by dividing the Calorie equi\ alents of the milk yield (pound FCM x 340) by 
the Calorie equivalent of the feed consumed (pouiuls 77) A ' X 1S14). The 
net energetic efficiency of milk product iot\ may be similarly estiinatwl by di- 
viding the Calorie cciuivalent of the milk yield by the Calorie equivalent of 
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the feed consumed above the maintenance level. There is, of course, a large error 
in estimating maintenance — distinct from production — of a producing animal, 
and for this reason the net energetic efficiency of milk secretion is less close to 
reality than is the gross efficiency. 


Table 5.2. Milk Production 

as a Function 

of TDN and G 

rain Consumption. 

Feeding level % of 


TDN consumed 


Energetic efficiency 

Haecker’s standard 

TDN 

above 


milk products 

above total 

consumed 

maintenance 

^lilk produced 

gross 

net 

maintencnce 

million Cal 

million Cal. 

million Cal. 

(%) 

C%) 

96 

91 

10.256 

4.256 

2.593 

25.3 

60.4 

101 

102 

11.096 

5.132 

2.783 

25.1 

54.2 

105 

110 

11.931 

5.963 

3.000 

25.1 

50.3 

no 

120 

12.937 

6.973 

3.196 

24.7 

45.8 

114 

128 

13.661 

7.697 

3.325 

24.3 

43.2 

116 

138 

14.329 

8.364 

3.388 

23.7 

40.5 

The above values 

were computed from the following data by Jensen et al.- 

) 

Feeding level % of 


TDN consumed 



Haecker’s 

standard 


TDN 

above Milk (FCM) 

Grain 

above total 

No. 

consumed maintenence produced consumed 

maintencnce 

lactations 

(lbs) 

(lbs) 

(lbs) 

(lbs) 

96 

91 

65 

5654 

2366 

7626 

1722 

101 

102 

60 

6117 

2829 

8184 

2098 

105 

no 

66 

6577 

3287 

8824 

2777 

110 

120 

55 

7132 

3844 

9400 

3666 

114 

128 

52 

7531 

4243 

9780 

4132 

116 

138 

94 

7899 

4611 

9965 

5304 


The following data are from Borland.'* 




<A 

O 



©4 



u 

3 


> 

6?! 

% 

At A 

t/i 

•c 

V 

£ 

U) 

0 

a 

u 

O. 

0 

u 

Im 

o 

— ^ 

C ^ 

-c ^ 

O 

u 

0^ 

C 

o 

u 

c 

o 

'A 

• 

o 

c 

^ 

^ 2 

r' 

oj2 

o 

bi 

d 

o 

IS 


O 

70 

2 

1511 

7993 

5.3 
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22-48 

8816 

3.9 

107.30 

90 

9 

3455 

10253 

3.0 

119.07 

100 

9 

4221 

11518 

2,7 

148.44 

no 

10 

4751 

10879 

2.5 

150.66 

120 

4 

6221 

12170 

2.0 

174.04 

123 

22 

7300 

12756 

1.75 

191.60 
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1.19 

112.70 

90.91 

1.14 

148.88 

1.22 

121.92 

100.95 

1.15 

163.53 

1.16 

147.51 

110.12 

1.08 

197 . 47 

1.29 

151.03 

136.08 

1.18 

209.46 

1.39 

132.19 

136.61 

1.26 

189.76 

1.43 

142.37 

155.64 

1.28 

209.46 

1.43 

140.06 

164.80 

1.29 

217.88 


Grain costs 1.8ff per lb Grain costs l.Sji per lb 
.Milk sells for 2.6^ per lb Milk sells for M per lb 


The gross and net energetic efficiencies of milk production as function of 
l)lane of nutrition in Table 5.2 were estimated from the previously cited report 
by Jensen and associates." The increase in TDN consumption was attained 
by increasing the grain allowance ; the roughage was fed ad libitum in all cases. 

Jen.sen’s original summary, from which the efficiency estimates were made, 
is also listed in Table 5.2. Following Jensen’s summary table are listed simi- 
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lar data by Borland** and a^ociates in which, however, not the TDN con- 
sumed, but only gniin supplement consumed is given. As previously noted, 
the increased TDX consumption is acliieved by increasing the grain allow- 
ance, the animals being alwaj's allowed all the roughage they will consume. 
Borland’s data include milk produced per pound grain offered, and the money 
values involved. While the milk return per pound grain decreases with in- 
creasing grain offerings, the profits per cow — and, therefore, per herd — increase 
with increasing grain feeding, that is, when the cost of grain and return for 
milk are as here given. The profits, of couree, vary with the relative market 
prices of milk and grain. The liigher the milk price and the lower the grain 
cost, the greater the profit on increased grain feeding. If the expenses of 
housing, labor, and management were taken into consideration, the higher 
grain levels would show higher profits (Ch. 22). Since the feed (and bedding) 
item constitutes only about 50 per cent of the cost of milk production, the 
remaining 50 per cent of the cost goes for labor (about 30 per cent) and other 
e.xpenses (20 per cent ) ; and the labor and other overhead expenses are virtu- 
ally the same for high and low-milking cows. It is possible, however, that the 
high feeding level may have an unfavorable long-range effect, such as develop- 
ment of mastitis and, in general, acceleration of the senescence process (Ch. 
18), analogous to the unfavorable effect of overworking a horse, or driving 
machineiy above certain speeds. Paraphrasing Jensen, it is easy to obtain 
large crop }ields by the lavish use of fertilizer, but does it pay, both this year 
and in the long run? The time and economic elements complicate all the 

conclusions. 

The above summaries demonstrate that increased TDN consumption, 
brought about by increased grain allowance, tends to increase the milk yield, 
but at decreasing increments with successive feed units in accordance vdth the 
principle of diminishing increments. Jensen fitted the Spillman diminishing- 
returns equation W = AiA — i2") to these data, as shown in Fig. 5.8. The 
satisfactory fit of this equation does not prove anything, since the range of 
the data is so narrow that a linear or parabolic equation would probably fit 
equally well. The theory and, therefore, the fitting of the equation of the 
principle of diminishing increments to these data is, however, reasonable. 

An important feature of Jensen’s data is the difference in response of “good” 
and “poor” cows to increased grain allowances, as illustrated by Fig. 5.9. 
This, of course, is what might be expected : high milk production is not only 
the result of high feed consumption but also of the ability or the competence 
of the cow to convert the extra feed into milk. 

The following table from Borland is cited by wa}" of simple summary of the 
discussion of diminishing milk increments with increasing grain allowance. 

“ Borland, A. A., Bean, A. L., and Jones, P. D., “Tlie relation of grain feeding to milk 
production”, Pennsylvania Agric. Exp. Sta. Bull. 424, 1942. 
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GraiD fed 
% of Haecker's 
standard (%) 

90 

100 

no 

120 

130 


Milk (FCM) yield 
per lb of grain 
fed (in addition to 
ad libitum rough- 
age, etc.) (lbs) 

1.4 

1.1 

1.0 

0.8 

0.6 


It may be noted^® that dairy animals produce about 80 per cent as much 
milk energy on an exclusive, good, roughage ration as on a roughage ration 


at 



supplemented with about 1 lb grain per 6 lb milk (FCM), and that it gener- 
ally pays to feed at least 1 lb grain to 5-0 lbs milk. 

Why is an ad libitum I'oughagc ration inferior to a roughage and grain ration? 
Probably because of physical limitations in handling sufficient roughage to 

r.'f Jt’iiscn’' ]5()rl:uul'“; Woodward, T., K., Shephord, ,1. It. and Graves, 11. R., 
Upiiort USD Aer. Misc. Rubl. 179, 193.1. Sherwood, 1). II., and Dean, II. K., Feeding 
alfalfa liav .alone^and with concentrates”, Oregon Agr. liNp. Sta. Bull. 380, 1940. Hea,d- 
iev F B.^ ‘■Fconomics of feeding hay and grain to cows”, Ncv. Agr Exp. Sta. Bull. 140, 
1935 Graves, li- K-» production on four plane of feeding U.S.D. Agi. 

Tech. Bull. 724, 1940. 
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supply the needed net nutrients for a lugh level of milk production, since one 
pound of grain is equivalent in net energy to several pounds of roughage. 
Hence the greater the lactational capacity of the cow, the greater should be 
the ratio of grain to roughage. It is, moreover, probable that a pound of 
TDN in the form of grain has a higher nutritive value than it has in the form 
of roughage. In other words, roughages may be over valued when represented 
in terms of the conventional TDN (Sect. 2.3). 

The general conclusion follows that the greater the lactational capacity of 
the cow the greater the effect of the grain supplement on milk production 



(Fig. 5.9). This is an illustration of a broad principle: good environment is 
good only in relation to the organism’s ability to benefit thereby (Ch. 10). 

5.6: The principle of diminishing increments and egg production efficiency. 
Fig. 1.1 (page 3) indicates that tlie gross efficiency of egg production increases 
at diminishing increments with increasing egg-production level associated 
with inherent differences in production capacity. 'Tlie mechanism of this 
relation is similar to that of increasing gross efficiency of milk production at 
diminishing increments associated with iidicrent differenees in lactational 
capacity, explained in the preceding section. 

While no data are available, t here is no doubt, t hat egg production is related 
exponentially to feed consumption in the same maimer that milk production 
is associated with feed consumption, that is, in accord with the principle of 
diminishing increments. 
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6.6: The principle of diminishing increments and muscular-work efficiency. 

Figs. 1.3 and 1.4 (p. 7 and 9) and many charts in Ch. 24 indicate that the gross 
efficiency of muscular work increases with increasing work rate, but at dimin- 
ishing increments, in the same manner as the gross efficiency of milk or egg 
production increases with increasing productive level and for the same reason. 



FEED ABOVE MAINTENANCE ( 1.000 POUNDS OF T. D. N. ) 


Fig. 5.9-Input-output curves of cows of different inherent productivity at the 

nine 0xp6rirn6nt sts-tions. 


the greater the speed of work the less the maintenance cost per unit product, 
approaching net efficiency (not including maintenance) as limit 

The fact that the gross efficiency of muscular work increases with mcreasmg 
rate of work does not mean that it is desirable to work at a high rate ; increasing 
the rate of work beyond a reasonable level tends to injure the animal and 
shorten its productive life. There is, above a certain productive level, an 
incompatibility between immediate and long-range efficiency. The same 
appears to be true of other productive processes such as milk and egg produc- 
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tioa; the span of the productive life is an important element in the overall 
production and profit pictures. 

6.7: Summary and appendix. This chapter discusses the common-sense 
and mathematical aspects of the very broad principle of diminishing incre- 
ments. This principle is illustrated in detail by the influence of the plane of 
nutrition on digestibility, metabolizability, and especially on the net energy 
values of rations. Increasing the plane of nutrition (above the maintenance 
level) increases the losses per unit feed, and therefore decreases the net energy 
per unit feed. In other words, the net-energy intake increases less rapidly 
than the gross-energy intake, in accordance mth the principle of diminishing 
increments (Fig. 5.1). 

The net energy value per unit feed is thus not constant but varies with the 
plane of nutrition and with many other factors. Armsby’s published net 
energy values^^ do not, therefore, have the constant significance that they 
were originally given. Armsby (like Kellner) assumed a direct proportional- 
ity between net energy and gross energy consumption, an assumption con- 
trary to the principle of diminishing increments.* 

For practical purposes, howe^"er, it is legitimate to assume average values. 
We conclude from the analysis of the data that the average cattle ration em- 
ployed, which had a combustion value of 2000 Cal/lb (4.5 Cal/g) had an 
average apparent digestible-energy value of about 1600 Cal/lb (3.2 Cal/g) 
of the orig inal feed, a metabolizable energy of 1200 Cal/lb (2.7 Cal/g) of 
the original feed and a net-energy value of about 1000 Cal/lb (2.2 Cal/g) 
of the original feed (see lower table in Sect. 2.6). The approximate apparent 
digestible energy of the given feed is thus about 70 per cent of the gross energy ; 
the approximate metabolizable energy of the given feed is about 60 per cent 
of the gross energy, and the approximate net energy value of the given cattle 
ration is about 50 per cent of the gross energy. The exact values, however, 
vary with the plane of nutrition and many other factors discussed in the text 
(Table 5.1 and Figs. 5.3 and 5.4). 


* Illustration of Armsby’s direct-proportionality or linear method for computing the 
heat increment of feeding, the fasting heat production, and the net energy of feeds; 


Dry matter in 
feed (kg) 

3.6674 

5.4676 

1 . 8002 


Heat increment 
((ial/kg 
dry matter) 

706 


Extrapolated 
fasting mainte- 
nance (Cal.) 

5635 


Dry matter in Heat produc- (Cal/kg fasting mainte- 

Period feed (kg) tion (Cal) dry matter) nance (Cal.) 

1 3.6674 8224 706 5635 

2 5.4676 9495 

Difference 1.8002 1271 (= 1271 /l.S002)(= 8224 - (706 x 3.6674)) 

Different amounts of feed were allowed during periods 1 and 2, the corresponding heat 
productions were measured anti the difference in heat production (9495 - 8224 = 1271 
Cal) was divided by the tlifferenee in feed consumption (5.4676 — 3.6674 = 1.8002 kg) 
to obtain the average heat increment per unit feed increment (127I/1.8tX)2 = 706Cal kg). 
The net energy was then computed by deducting the heat increment from the metab- 
olizable energy. The fasting heat production was computed by deducting the product 
of the heat increment jicr kg feed and the number of kg feed consumed, from the heat 
production at a given plane of consumption [8224 — (706 \ 3.6674) = 5635]. 

” Armsby, 11. P., “The Nutrition of Farm Animals”, 1917. 



98 


BIOENERGETICS AND GROWTH 


While discussing the general principles relating net to gross energy intake, 
we learned many important details. Thus (Fig. 5.3) the apparent heat in- 
crement, or SDA, of feeding, as conventionally defined, ranges in cattle from 
3 per cent of the gross energy at 0.5 maintenance to about 20 per cent at full 
feed; or it ranges from 8 per cent of the TDN energy at 0.5 maintenance to 
30 per cent of the TDN energy at full feed ; or it ranges from about 8 per cent 
of the melabolizahle energy at 0.5 maintenance to 38 per cent of the metaboliz- 
able energy at full feed. The apparent range is less striking for the other 
excreta. The various energy categories of feed declined correspondingly with 
increasing plane of nutrition. Thus the digestible energy declines from 3.3 
Cal/g feed at 0.5 maintenance to 3.0 Cal/g gross feed at full feed; the 
metabolizable energy declined fiom about 3.0 Cal/g feed at 0.5 maintenance 
to about 2.5 Cal/g feed at full maintenance; the net energy declined from 
about 2.3 Cal/g feed at 0.5 maintenance to l.G Cal/g feed at full maintenance. 


For purposes of computing efficiency, it is assumed in this book that Ig TDN 
is equivalent to 4 Cal, or 1 pound TDN to 1814 Cal, corresponding to the 4 
Cal/g of metabolizable energy, or physiologic fuel value, employed in com- 
puting human food values. The actual metabolizable energy per unit TDN 
of the usual cattle feeds appears to be less than those here given, of the order 
of ICOO Cal per pound TDN. 

An interesting aspect of this analysis is that while the apparent digestibility 
of the rabbit ration (05 per cent of the gross energy) is about 8 per cent below 
that of the cattle ration (73 per cent of the gross energy), the apparent metab- 
olizable and net-energy values are the same for both species (the metabolizable 
energy is about 60 per cent of the gross energ>' and the net is about 50 per cent 
of the gross energy). This apparent 8 per cent difference in digestibility is 
attributed to an 8 per cent greater methane production in cattle than in rab- 
bits, and because the methane energy is conventionally counted as part of the 
digestible Init not of the metabolizal)le energy. It thus appears that the rab- 
bit is a good assay animal for estimating the metabolizable- and net-energy 
values of cattle rations, but that the apparent digestibility of the ration is, 
perhaps, 8 per cent less in rabl)its than in cattle. The ieal digestibility is 


probablv the same in both. 

A curious aspect alanit the methane and urinary energy is that the per- 
centages of both appeared to decrease with increasing plane of nutrition. 
The urinary cnerg}' appeared to be about 5 per cent of the gross feed eneigy 
at 0.5 maintenance and 2-3 per cent at full feeding. The methane energy 
declined from about 10 per cent at 0.5 maintenance to about 8 per cent at full 

feed. 

The princiiile of diminishing returns was also applied to normal growth 
(successive time units elicit ever smaller weight gains), to egg production, to 
muscular work, and especially to milk production. The gross enerptic 
ediciency of these processes increases with increasing rate of productivity 
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because of declining maintenance cost per unit product; but the increasing 
gross efficiency occurs at declining increments because the gross efficiency 
approaches net efficiency (not including maintenance) as a limit. 

The increase m milk production at decreasing increments with increasing 
grain consumption was explained by a different mechanism. Whatever the 
mechanism, the fact is that by increasing the grain allowance to the limit 
milk production may be increased 15 to 20 per cent above the level of cows 
fed in accordance with the usual standards ; and that milk production may be 
decreased by about 20 per cent on reducing the customary feeding standards 
by 20 to 30 per cent. The relative profitableness of hea\’y and light grain 
feeding depends, of course, on (1) the relative feed and milk prices and (2) 
the relative abilities of indi\'idual cows to utilize the extra grain allowance 
advantageously. The lactation problem will be discussed in greater detail in 
Chapters 21 and 22. The relative gross energetic efficiencies of various trans- 
formations (growth, milk production, egg production, muscular work) in 
different species and at different ages are discussed in Chapter 3. 



chapter 6 

Metabolic Catalysts in the Efficiency Complex: Enzymes, 

Minerals, and Vitamins in Biologic Oxidations 


Among the most fundamental of the dynamic chemical events related 
to life are the oxidations which yield energy to the cell. F. G, Hopkins 

Oxidation was thought a few decades ago to be exceedingly simple. The 
organic molecule was burned and energy produced much as in the steam en- 
gine. There was no problem at all. Since then the problem of oxidation 
has developed into a wide and fruitful field of scientific inquiry. Albert von 
Szent-Gydrgyi 

There is a substance which even in very small quantities is of paramount 
importance to nutrition. If this substance is absent the appetite is lost and 
with apparent abundance the animals die of want. C. A. Pekelkaringj 1905. 


6.1: Introduction, The primary purpose of this book is to present quanti- 
tative analyses of metabolic processes of the organism as a whole in relation to 
the energetic efficiency of agriculturally productive transformations. This 
discussion would, however, fail in perspective if it overlooked the mechanisms 
of these processes. It is not the purpose to discuss the problems of biologic 
oxidation and catalysis in detail, but to outline in general fashion the con- 
temporary theories and to point out the unity in what appears to be a confusing 
diversity of enzymes, vitamins, minerals, and hormones in biologic oxidation 

processes. . ^ rc 

One aspect of biologic oxidation is that outside the body foodstuffs may 

be preserved for centuries, as illustrated by the good state of preservation of 
cereals recently found in the tombs of Egyptian kings, while within the body 
the nutrients are oxidized stepwise in accordance with needs of the organism. 
What are the mechanisms wherewith the body times the oxidation of the 
nutrients at the given rates in accordance with the needs of the organism? 

Needless to say, the efficiency of biologic transformations is dependent on 
the exquisite timing and completeness of the oxidative reactions. Thus, to 
cite typical illustrations, the lack of thiamine (vitamin in the diet of species 
requiring it retards the oxidation rate of pyruvic acid and, therefore, leads to 
its accumulation in the tissues, which results in the well-known beriberi syn- 
drome. Decrease of oxygen supply to the heart leads to angina pectoris, and 
lack of oxygen supply to the kidney (due to narrowing of blood vessels) leads 

100 
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to high blood pressure*. Intake of certain selenium compounds in the feed 
of farm a nimals leads to “alkali disease” in cattle due to the destruction of 
certain oxidation catalysts^ Lack of the necessary traces of copper, zinc, 
magnesium, iron, cobalt in animal feeds causes deficiency of oxidation cata- 
lyste in the body with serious symptoms variously named, depending on lo- 
cality and species, such as salt sickness, marasmus, perosis, and so on. When- 
ever the oxidation process stops short of the final oxidation products HjO and 
CC) 2 , as for example when fat oxidation stops with the aceto-acetic acid stage, or 
carbohydra,te oxidation with the pyruvic acid, lactic acid or alcohol stage, 
the energetic eflSciency of food utilization is reduced by this much, in addition 
to development of the intoxications with corresponding pathologic conditions. 
Many disabilities associated with aging may be viewed as due in part to de- 
clinmg ability of the circulatory system to supply the tissues with oxygen and 

of the declining ability of the tissues to utilize the oxygen at a sufficiently 
rapid rate. 

^ It is generally known^ that food utilization is greatly depressed when the 
diet is deficient m vitamins. The depression of food utilization may be only 
apparent, due to anorexia* (diminished appetite), or real, as when the animals 
are pair-fed, and consume the same amounts of foods in the absence of ano- 
rexia. Thus Sure^ reported (Fig. 6.1) that young rats, not suffering from 
anorexia, fed a diet deficient in riboflavin (vitamin B 2 ) gained about 6 g in 
125 days, whereas litter mates receiving the same kind and amount of food 
for the 125 days but supplemented with 20 ng riboflavin gained about 60 

grams— a ten-fold gain! Analogous results were reported by Shaw and 
Phillips® and others. 

This difference in food utilization results in part from differences in complete- 
ness of food oxidation, as ribofla\'in is an essential component of about a 
dozen flavoprotein oxidation enzymes. It is known that decrease in dietary 
riboflavin decreases the corresponding flavoprotein enzymes, such as ribo- 
flavin-adenine dinucleotid*, d-amino acid oxidase, or xanthin oxidase®. 

The problem of the mechanism and timing of biologic oxidation, no doubt 
a very old one, is new in its experimental aspects, beginning with the discov- 
er 'smWrv “Experimental hypertension”, J. Exp. Med., 69, 343 (1934); 

, Bl^'ekman, S. S., Bull. Johns Hop- 
*• 353 (1939). Bent, R. J., and Zuckor. M. B., “ Intonnediate nrossor 

formation in the ischemic kidney”, J. Exp. Med., 24. 235 (1941) Hoiiss iv B \ 
and Braun-Menendez, E., Brit. Med. J., 2, 179 (1942). iiouss.iv, b. A., 

Bernheim, and Klein, J. R., J. Biol. Chem., 139, S21 (1911) 

Poo n A- G., and Ashworth. U. S., Univ. Missouri \-r Fxo St i 

Res. Bull. 246 1936. Hogan, A. C., and Pilcher, R. W., Id., Res. B,d[ 193 

® Sure!’B : /d.’,S - 

•Shaw, J H., and Phillips, P, H., Id., 22. 345 (1941). 

Uchoa, S., and Rossiter, R. A., Biochcm. J., 33, 200S (1939). 

140 725 (mif' Elvehjem, C. A., J. Biol. Chcm.. 134, 749 (1940' 
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eries of Pasteur^ Buchner^®, Harden and Young“, Fletcher and Hopkins^^, 
Warburg^^ Wieland^**, and Tliunberg^^, and continuing with the contemporary 
investigations on enzymes, vitamins, hormones, and minerals in nutrition^®. 

The following sections outline some of this work rather superficially. Still 
there mil be considerable overlapping of discussions due to the interrelations 
of the various subjects. The nutritional applications will be discussed in 
Chapter 20. 



1— The rats of tlic same initial weiglit and age coiisunied (luring 125 days equal 
amounts of food, but one of tlu' pair received riboflavin (^’itamin it*) while the other did 
not. Acceptance of this result must await confinuation by a balance experiment with 
rigorous accouniing for all income ainl outgo. Print by Harnett Sure, J, iSiutnliorif 22, 
290, 1041. 


Fig. 6.1 
amounts 


6.2: Aerobic and anaerobic oxidations with special reference to intense 
muscular work. Ihologic oxidations arc classed as (a) 7'espiratory, occurring 
in the presence of oxygen and yielding H 2 O and CO 2 as end products, and 

Pasteur, L.. Ann. CJn'm. Phifs., 68, IV2'.\ (ISGO). 

Huclnu'r, 11., Bcr. deni. chem. Ccs.. 30, 117 (1807). 

Harden, A., and Voung. W. J.. J. Chem. Soc., 21, 189 (1905) ; 7^roc. Roy. Soc., 77B, 
405, 1006; Harden, A., Alcoholic Fermentations”, Longmans, 1932. 

*2 Fletcher. W. M.. ami Hopkins, F. (L, J. Physiol., 36. 247 (1907); and Proc. Roy. 
Soc., 89B, 444 (H)17). Hopkins, F. CL, Biochcni. J., 16, 286 (1021); J. Biol. Chem,, 84, 

260 (1020) 

13 Warburg, ().. Biovln m. 113, 257 (1021); 303, 40 (1039); Ergch, EnzymSorsch., 7, 

210 (1038). , „ , .^-7 

i‘Wiclaiul. 1!.. Bvr. dvnl. chew. Gcs., 47, 2085 (1014) and Ergch. Physiol., 20. 477 

( 1022 ). 

1^ Thunberg, T., Shnnd. Arch. Physiol., 36, 163 (1018); 40, 1 (1920); 43, 275 (1923). 
For c()ntoni|)orjirv reviews, see Rci\ Biochcm. txiid A)in. Rev. I hysiowgy] 

\<lv Knzt/inology\ Knztiinologia] Ergch. (L Enzifniforschung] Cold Spring Harbor Sym^ 
vosia on 'Qunniafivc Biology, especially vol. 7, 1030; Biological Symposia, Jiiques 
Cattoll Pn'ss. vols. 3 ami 6, 1011; “Symposia on Respiratory Lnzymes , University of 
Wisconsin Ibess 1042; “Svmi)o.sium on Biological Action of Vitamins”, Ed. by E. A. 
Evans Universitv of (Miicago Jhc.ss. 1041. Kalckar, II. M., “Energetic coupling in 
biological synthesis”, ('hew. Rer.. 28, *1 (1041); Biol. Rcr., 17, 28 (1942). Isord, F. F., 
“Till' nu'ch inism of alcoholic fcniuMitation”, Chew. /fee.. 26, 423 (1040). There are many 
imimrtant books, such as Slephmison, M.. ” Bacterial Metabolism”, 1930; “Perspectives 
in Ibocluanistry” (‘d. bv Joseph Needham and David E. Green, 1039; Oppeiihcim, O., 
:ni<l Stmn. K. G.. “Biological Oxidation”, 1930. Bcrnheim, F., “Interactions of Drugs 
and Cell C’atalysts”, Ihirgess, 1942. 
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(b) fermentaiive, in which atmospheric oxj'gen does not participate, yielding 
incompletely oxidized products, such as pyruvic acid, lactic acid, acetic acid, 
alcohol, and so on. Corresponding to the respiratory and fermentative types 
of oxidation there are two types of organisms : (a) aerobic, depending for their 
energj’’ on oxidation by atmospheric oxygen, and (b) anaerobic, depending for 
their energj’' on anaerobic oxidations. But there is no sharp dividing line 
between the two. 

Thus, Pasteur'^ discovered that a plentifid oxj’gen supplj’ causes yeast to 
transfer from the anaerobic to the aerobic method of oxidation (“Pasteur 
effect”^®); and Fletcher and Hopkins'® discovered that muscle of aerobic 
animals may be stimulated to work in the absence of oxygen, yielding lactic 
acid (a product of anaerobic oxidation) rather than CO 2 and H 2 O. 

Fletcher and Hopkins exercised an isolated muscle. But the same appears 
to he true in intact animals. Thus it will be shown in Chapter 24 that during 
prolonged hard work, horses and men may expend about eight-fold the energy 
at rest, whereas during very intense muscular work (which cannot be prolonged 
because of rapidly onsetting fatigue), they may expend 100 times the energy 
at rest. This does not mean that the rate of oxygon consumption is increased 
100 times. During very intense exertion, when the oxygon supply is too 
slow for aerobic oxidation, the energy is obtained anaorobicallj’, from anaerobic 
energy reservoirs. Under such conditions the animal is said to go into 
oxygen debt. Lactic acid accumulation is associated with anaerolric oxidation 
in animals. Hill®® reported an athlete who liberated over 4 g of lactic acid 
per second while running at the rate of 11 yards per second. During the 15 
seconds of sprinting, about 50 g (If oz) of lactic acid was liberated, and the 
oxygen debt reached 7 to 8 liters. But the oxygen debt is known to ha^'e risen 
in a 70-kg athlete to 19 liters, with the liberation of 114 grams (f lb of lactic 

acid®'). 

Regardless of theories, the /act is that the “oxj’gen debt” is irssociated with 
increase in concentrations of lactic acid and phosphoric acid (and perhaps 
pyruvic acid) and also with a decrease in concentration of phosphocreatine 
and adenosine pjTophosphate. The “recovery” (at rest) phase is associated 
wth a reverse process, decrease in concentration of lactic and phosphoric acids 
and increase in concentration of phosphocreatine and adenosine pyrophos- 
phate®®-®®. It thus appears that when aerobic oxidation is inadequate, the 

"Pasteur, L.®, “Stiulios in l-Vnui'iitMtion’’, IS/O. 

'“Dixon, K. C., “Tl>e Pasteur effect”, Biol. Rev.. 12, l.'U tl>«7) Hark, D., “The 
Pasteur effect”. Cold Spring Harbor Sginpos^ia on Qnanlilalivr Biologg, 7, 420 (1939). 
Stern, K. G., Melnick, ,1. L.‘, and DiiHnis, D., “Tlie Pasteur enzyme”. Science, 91. 436 

(1940). 


*“ Fletcher, W. M ., and Hopkins, F. t !., ./ . I'hg.-tiol ., 36, 217 (190 < ) . 

““Furusawa, K., Hill, A. V., and Parkin.son, ,1. 1,., “'I'he dynamics of ‘sprint’ run- 
ning”, Rroc. Roy. Soc., 1028, .'iO (1927). 

Ilill, “Muscular movements in man”, New \ork, pp. .10-32, 1927. 

““ liUndsgaard, K., Biochcin. 217, 162; 227, .')! (I'.l.lO); Harrcy Ijccturcs, 33, 65 

(1038), 

*“ Sec Eggleton, P., and Kggleton, G. P., “A labde form of organic phosphate”, Bio- 
chem. J., 21, 190 (1927). The phosphocreatine was isolated from muscle filtrate by Fiske, 
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energy is obtained by cleavage of phosphocreatine (also called phosphagen 
and creatine phosphate) to creatine and phosphate. 


NH-P0{0H)2 


/ 

NH=C 

\ 


mCHsl-CHa-COOH 


NHj 

/ 

HN=C + HaOP^ + energy 

\ 

NlCHO-CHj-COOH 


{phosphocreatine) 


{creatine) 


During recovery, phosphocreatine is resynthesized at the expense of another 
energy source. The recurrent s 3 Tithesis and cleavage of phosphocreatine 
and adenopyrophosphate is thus analogous to recurrent charging and dis- 
charging of a battery. Phosphocreatine, like a battery, is an energy res- 
ervoir, discharged and charged in accordance with the conditions and needs. 
Lohman discovered that adenyl pyrophosphate is the phosphate carrier; it 
furnishes the phosphate for phosphorylation of the creatine, as indicated by 
the Lohman reaction: 


adenyl pyrophosphate + creatine — * creatine phosphate -|- adenylic acid 

The energy for resynthesis (charging) of the phosphocreatine may come 
from the oxidation of glycogen to CO 2 and H 2 O 


H3PO4 - 1 - creatine + glycogen -t- O2 -► phosphocreatine -f CO2 + H2O 


and perhaps from fermentation (glycolysis) of glycogen to lactic acid.^^ 

Lactic acid formation is not believed to be the diicct energy source for 
anaerobic muscular contraction, since the lactic acid forms after the work of 
contraction"®, as indicated by the observation that muscular contraction may 
occur and carbohydrate may be oxidized after poisoning the muscle with 
iodoacetatc when lactic acid formation is blocked-®- and that up to a certain 
le^'el the oxygen debt is incurred without increase in blood lactate-®- -®. Ac- 
cording to DilP®, the recovery period is, therefore, made up of (1) an alactacid 

and (2) a lactacid phase. 

6.3: Oxidation-reduction potentials and biologic oxidation. It was said 
above that oxidations are of two kinds: (1) aerobic, involving atmospheric 
oxygen, and (2) anaerobic, in which oxygen does not participate. In other 
words, while oxidation may mean combination with oxygen, it is not neces- 
sarily such. More often oxidation means the loss of hydrogen, or dehydro- 


C. H., and Subbarow, Y., Science, 66, 401 (1927); 67, 169 (1928); J. Biol. Chem., 81, 

‘^■’l/Mpverbof 0 Eiqcb. Pluisiol, 39, 10 (19.37); Blochcm. Z., 66 (1938); Lundsgaard, 
F W 217, 227 (1930) ; .1 nn . Rev. Biochem.. 7, 377 (19.38) . 

Emhdci^,G. r.. Z.FIi!isiol. Chem., m, m {Vm) -j-i nqiOl 

=« I iiiuhsraard E.--; llarkt-r, S. B., and Shorr, K., .1 . Biol. Chem., 129, 33 (1939). 

I< hnso^^ R E and Edwards, H. T., J. Biol. Chem., 118, 427 (193^7). Sacks, J., 
ol Am J. BhqZl., 118. 69. 232 (1937); 122, 215 (1938) Hill, D. K., J. Physiol., 

98' 207 (11)40). Millikan, G. II., »S>oc.. 123B, 218 (193/ ). /moo’i 

Margaria, R. E., Edwards, H. T., and Dill, D. B., Am. J . Physiol. y 106, 689 (1933). 
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genation. But oxidation is not confined to gain of oxygen and/or loss of 
hydrogen; and reduction is not confined to loss of oxygen or gain of hydrogen. 
Broadly defined, oxidation is loss of electrons, and reduction is gain of elec- 
trons. Thus ferrous iron, Fe++, is oxidized by the loss of an electron, e : 

Fe++ - e Fe-^ 

or ferric iron, Fe"*”*^, is reduced by the gain of an electron, e: 

Fe+++ -1- e Fe++ 

This oxidation, or reduction, may involve oxygen 

2FeO + 0 -* FejOi 


or may not involve oxygen 


FeClj + Cl FeCU 


The experimental work on biologic-oxidation mechanisms is concerned 
mostly with anaerobic processes often conducted near freezing temperatures 
because the aerobic processes at 37°C are too rapid for detailed observation 
and analysis, or by ‘^dissecting out” metabolic stages by diffeientially acting 
metabolic inhibitors or poisons, such as iodoacetates, fluorides, cyanides, and 
so on. Because of the difficulty of observing the details of noimal aerobic 
processes, it is not definitely established that most of the products formed in 
tissues under anaerobic conditions, such as pyruvic acid, lactic acid, alcohol-^ 
and so on, are necessarily formed under aerobic conditions of rest. It is 
certain, however, as indicated in the preceding section, that when the circu- 
latory oxygen supply is inadequate, energy expenditure is associated with 
increased concentration of lactic acid, a typical product of anaerobic oxida- 
tion ; and that the absence of dietary thiamine involved in pynivic acid oxida- 
tion leads to the accumulation of pyruvic acid*®, a typical pioduct of anaeio- 
bic oxidation. Moreover, tissues or systems normally poorly supplied with 
oxygen tend to have appreciable concentrations of lactic acid. Spermatozoa*^ 
regularly obtain energy by glycolysis (fermentation of glucose to lactic acid), 
and there is no doubt that there is more or less glycolysis in other animal 

systems. 

While the definition of oxidation as loss of electrons and reduction as gain 
of electrons is an old one in general chemistry, its elucidation and general 
acceptance in biology is recent. It is due largely to Mansfield Claik* , vho 
defined dehydrogenase activity as the taking up and passing of electrons. 

When a solution of Fe++ is connected with one of Fe+++, an electromotive 

» There is normally from 0.05 to 0.12 m^ ^ijeohol i.er KH) n brain, from 0.00 to 0.23 mg 
alcohol per 100 e liver, from 0.04 to 0.11 mg aleol.ol per 100 g knlney, aiul so on [1 larger, 
R. N., and Gross, A. L., /Im. J . Physiol.. 112, 3/1 (103o)l. 

*»Peters, 11. A., Rioc/iem. J., 31, 2210 (103<). . 

•'Moore, B. H., and Mayer, D. T., “Metabolism of semen , I niv. Missouri .\gr. 

Exp, Sta, Res. Bull. 338, 1941. . , ^ ^ 

” Clark, W. M., Hygienic Labonitory, U. S. 1 ubho Health Service, Bull. 151, 19^8. 
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force is created, the magnitude of which depends on the relative concentra- 
tions of the two ion forms. Potential differences are likewise set up if solu- 
tions of any two electrolytes are connected. The voltage reading will depend 
on the relative “electron pressures” of the respective elements. This way, 
the elements were arranged in an electromotive series, in some such order 
as the follo\ving: Li, Rb, K, Sr, Ba, Ca, Mg, Al, Mn, Zn, Cr, Fe, Cd, Co, 
Ni, Sn, Pb, H, Sb, Bi, As, Gu, Hg, Ag, Pt, Au, which is the order of ease 
■with which the elements donate their electrons, that is, become oxidized. 
The electromotive potentials of the inorganic elements are kno^vn. The 
potential driving the reduction of H+ by Zn® in the reaction, 

Zn” + 2H+ Zn++ + H“ 

for example, is definitely know'n from electrode potential measurements. 

Moreover, the free energies of the reactions are known [Sect. 2.1.2 and eq. 
(2.5) ] ; the free energy, AF, of a reversible galvanic cell is related to its poten- 
tial, E, by the equation 

AF = -nFE (2.5) 


and the potential. Eh, with respect to the hydrogen electrode taken as zero, 
is computed from the equation 

RT concentration oxidized form 
° tiF ” concentration reduced form 


This equation was previously cited [eq. (2.8), sect. 2.1.2]. Eo is the characteristic 
constant of the system when the half cell of the given substance is connected to a hydro- 
gen electrode, that is, to platinum sponge saturated with hydrogen gas, when the con- 
centration of the oxidized form is equivalent to the concentration of the reduced form 
and when the pH is 7.0 at 30° C; R is the gas constant, 8.31507 volt coulombs; n, number 
of equivalents, or electrons, freed when the reduced form is changed to the oxidized form; 
F is the Faraday (96,500 coulombs)'; In represents the natural logarithm. 


Living cells contain many substances which, like the above inorganic ele- 
ments, may be arranged in an electromoti\'e series. The electromotive- 
series arrangement of substances in the body cannot be as precise as that of 
inorganic elements acting in glass beakers because of the enormously greater 
complexity of the thermodynamic equilibria in tlic body. But such EMF 

arrangements are useful for prediction puiposes. 

There is a large literature®® on the oxidation-reduction potentials of various 
biological substances— enzymes and substrates— involved in biologic 


33 Yor review sec: K, Cl., in “Symposium on Respirutoiy lOnzynios", University 

nf Wisconsin Tress ]!)42; Harron. K. S.r... riufsiol. Rev., 19, 184 (1931)) ; Stephenson, 

KalVka. ii Vi , l'941'«; (.iillcspic. L. .J„ Soil Sri.. 9, 199 (1920); Clark, W, M. Fa/;. 
Hcallh Rep 38, 113 (1923) ; Medicine, 13, 207 (1931 ) ; •/. .1/;/;. Rln/sica. 9. 9/ (1928) ; Clark, 
W M “Dc'torniination of irvdrogcii Ions”, 1928; Micliacli.s, L., ‘ 'Oxidation-reduction 
Potentials” 1930 Hewitt, L. F., ‘‘Oxidation-reduction potentials in bacteriology and 
liiochemistry”, London, 1935; Shaffer, P. A., ./. Phys. Chem., 40 (1936); Wurmser, R., 
‘‘Oxydations ct reductions”, Paris, 1930. 
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oxidations. Many artificial dyes, such as methylene blue, made famous by 
Thunberg, who used it as an oxidizmg agent in biologic systems (in place of 
oxygen), change color at certain oxidation-reduction zones and are thus used 
as indicators for measuring 0-R potentials, ^^lien thus arranged in an 
electromotive series, oxygen is on top, mth the highest positive voltage, and 
hydrogen at the bottom, with the highest negative voltage. The various 
biologically active substances come in between. 

Nutrients are, of coui'se, reducing agents; b}- this we mean that they tend to 
be o.xidized, to lose theu hydrogens, and these, therefore, come low in the 
electromotive series, near hydrogen, which is assigned a voltage of about 
—0.4 for pH 7.0. The hydrogens (and electrons) from the substrate are 
transported, stepwise, from one carrier or mediator, or from one H transport 
system or H-acceptor to the other standing above it in the EMF series, until 
finally the substrate hydrogen reaches the atmospheric oxygen standing at 
the top of the series, forming w’ater, the final step in the oxidation process in 
aerobes. The essential oxidation feature is the combination of hydrogen with 
oxygen (or the transfer of electrons from hydrogen to oxygen), not the com- 
bmation of carbon with oxygen. 

As previously noted, the position of the substrate fuel in the EMF series 
is low, near hydrogen, with a voltage reading of about —0.4. Then come^^ 
the pyridinoprotein enzymes (voltage about —0.3), followed by the flavo- 
protein enzymes (voltage about -0.1 to -0.2), followed by the iron-por- 
phyrin enzymes, namely cytochrome-h(— 0.04), c 5 'tochrome-c (-1-0.27), and 
cytochrome-a(-|-0.29); followed by the cytochrome oxidases (-1-0.4 to -fO.6) 
and, finallj'’, oxj'gen (-1-0.8). 

The stepwise reductions, that is the successive passing of the hydrogens 
or electrons, is thus from the substrate to the pyridine nucleotides, to the 
flavoproteins, to the cytochromes and cytochrome oxidases, and finally to 
oxygen. In other words, the substrates reduce the pyridinoprotein enzymes, 
which reduce the flavoprotein enzymes, wiiich reduce the porphyrin enzymes, 
which reduce the atmospheric oxj'gen. This is an oversimplified diagram, 
but it may give a general idea of the wvay biologic, stepwise oxidations occur.^s 

The first step in oxidation is the phosphorylation (combination with phos- 
phoric acid) of the glycogen or glucose, forming hexose phosphate; this 
splits into triose phosphates; then into glyceraldehyde, as indicated in the 
following over-simplified diagrams for oxidatit)n of hexose and for oxidative 
deamination of amino aciil. 

I. C,HnO. phosphorjjas^ CeH,„0^ •2IId’0^ > 2 C 3 lhO,.II,PO, . JeMyogeim^ 


hexose diphosphate 


triose phosphate 


Cn20H‘CH0H*CHrH2P04 
glyceryl phosphate 

“ Por^nother^spect, see Szent-Gyorgyi, “Towards a new biochemistry”, Science, 

93,609 ( 1941 ). 
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and HjPOi-CHrCHOH-COOH >• CHa-CHOH-COOH 

glyceric acid phosphate lactic acid 

and CHa-CO-COOH c^rboxylas ^ ^ CHaCHO (?) 

'pyruvic acid 

II, CHa-CHNHrCOOH dehydrogenas^^ CHa-C=NH-COOH > 

a-amino propionic acid a^imino propionic acid 

CHa-CO-COOH + (NH2)C0 

pyruvic acid urea 


These and similar oxidoreduction reactions are catalyzed by enzyme sys- 
tems, of which the following are outstanding. (1) Phosphorylases, catalyze 
phosphorylation, that is, combination of phosphate with glycogen, starch, 
glucose, and so on, preliminary to cleavage.^® (2) Decarboxylases, exemplified 
by carboxylase, which splits CO 2 from a-keto acids converting them to alde- 
hydes and CO2, and by carbonic anhj^drase which splits H2CO3 into CO2 and 
H 2 O. (3) Dehydrogenases typified by lactic acid dehydrogenase, which 
converts lactic acid to pyruvic acid; amino acid oxidase®’ or dehydrogenase, 
which converts a-amino to a-keto acids; succinic acid dehydrogenase, which 
converts succinic acid to fumaric acid; cytochrome reductase, which converts 
reduced coenzyme II to oxidized coenzyme II; and alcohol dehydrogenase, 
which converts alcohol to acetaldehyde. (4) Oxidases, including cytochrome 
oxidase (also called \Varburg’s enzjunc or Aitnungsfci mcnt, Ehilich s enzyme, 
and indophenol oxidase), which catalyzes the oxidation (by oxygen) of re- 
duced cytochrome-c to (oxidized) cytochrome-c (equations given below); 
tyrosinase, which oxidizes tyrosine to black pigments (seen in darkening of 
cut potato'or apple) ; and polyphenol, which convert polyphenols to quinones. 
(5) Transaminases®®, or aminophorases, which catalyze intermolecular trans- 
fer of the amino group and a hj’drogen group as, for example, the transfer 
of paired amino and keto acids to corresponding keto and amino acids. The 
place of vitamins and minerals in these biocatalytic systems— enzymes and 

coenzymes — is discussed below and also in Chapter 20. 

The following examples indicate empirical applications of oxidation-reduc- 
tion (0-R) potentials in the dairy industry. The 0-R of milk normally 
drifts down with time after milking, probably due to the oxygen removal by 
aerobic bacteria or by other oxidations. If, however, copper or iron is 
added (the potency of copper is ten times that of ferrous®® iron), the 0-R 
potential rises, and oxidized flavors develop in paralleP®. On the other hand, 
tin and aluminum lower the 0-R potential of milk, and probably retard the 


See the lone series of reports by Cori^' et al, beginning with J . Biol. Chem., 121,465 
(1937) the latest being ./. BioL C/iem., 151,21 (1943). 

37 K’rebs. H. A., Biochem. 29, 1620 (1935). 

^ 
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flavor productions^ Changing dairy cows from dry to fresh feed decreases 
the 0-Rs^ and reduces development of oxidized flavors. Summer milk does 
not develop oxidized flavors as readily as vinter milk, and the 0-R potential 
of summer milk is below that of wihter milks^. This may be associated with 
the increased ascorbic acid content in summer milk : increasing ascorbic acid 
(reduced form) decreases the 0-R potential, as can be proved by adding 
ciystalline ascorbic acid to milk’®. In brief, anything which reduces the 
0-R potential of milk also reduces the production of oxidized flavors in milk^^ 

Off flavor in plant products, such as a hay-like flavor in stored raspberries, is 
probably also the result of oxidations similar to those in milk, butter, and 
ice cream. The removal of oxygen, or what is more practical the maintenance 
of an atmosphere of high N 2 or CO 2 concentration, is often a means of pre- 
serving food products by reducing oxidation processes initiated by the 
various catalysts in the tissues. 

6.4: Interrelations between minerals, vitamins, enzymes, and hormones 
in biologic oxidations: an illustration of unity in diversity. Keilin^’ recognized 
the identity in what were considered as several distinct enzymes, namely 
Warburg’s enzyme {Atmungsjer merit), inclophenyl oxidase (Ehrlich’s enzyme, 
1885), and cytochrome oxidase. 

Szent-Gyorgyi^’, and also King'*^ recognized that the coenzyme Z-ascorbic 

acid, 

CO • COH : COH • CH • CHOH ■ CH;OH 
0 


is identical with the antiscorbutic factor, vitamin C. This discovery of the 
relation between a vitamin and enzyme in biologic oxidation is important partly 
because it focuses attention on the convergence of several ai)parently different 
kinds of investigations into one, namely biocatalysis. Szent-Gyorgyi was 
awarded the 1937 Nobel Prize in medicine for this and related discoveries. 

6.4.1: Definitions and interrelations. Vitamins are organic catalysts, or 
essential components of catalysts, in biologic oxidations and related processes. 

Vitamins are exogenous catalysts, externally provided; hormones and en- 
zymes are endogenous catalysts, internally produced by the body. 

There is, however, no dividing lino between the exogenous and endogenous 
catalysts. Thus ascorbic acid (vitamin C) is an exogenous catalyst to primates 

^'Thurston, b. M., “I’roo. Intern. .\ssn. Milk Dealers, Lab. Sect.”, p. 121, 1935. 

« Groenbank, G. R.. J. Dairy Sci., 21, M4 (193S). 

*’\Vebb, R. E., and Ilileinan, ,1. L., /</.. 19. -ITb (193(i). 

“ Groenbank, G. R., Id., 23. 725 (1940). 

Keilin, D., and llartree, E. F., I'roc. Roy. Soc., 104B, 200 (1929'i; 119B, 114 (lOSOl; 
121B, 173 (1936); 122B, 29S (1937). 


Szont-Gyorg.vi, A., liiochem. J .. 22, 13Si (192S); . lUol. Chrm., 90, 3.'\5 (1931). 

Worth, W. N., and Szent-Gyorjjyi, Xaliirr. 131, 21 (1933). Tauber, 11.. Kleiner, 1, S., 
i Mishkind, D., 1‘roc. Soc. R.ry. Riol. Med.. 32, 5(7 (l!)35); ./ . Hiol. Chem., 110, 211 
'36). Szont-Gvorgvi, A,, Hiochem. J.. 26. S05 (1932); 27. 279 (1933). 

"King, C. C.:, d al.. .1 . lUol. Chem.. 94. 4.S3. 491 (1931 2); 97 . 325 (1932). King. 
PAysioL Rev., 16, 23S (1930); ,/. .Im. Med. .l,s-,'!ii., Ill, 109S, 1555 (193.S). 
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and guinea pigs: they must ingest ascorbic acid; they cannot synthesize it. 
Other animal species e.xamined are not dependent on dietary ascorbic acid — 
to them ascorbic acid is an endogenous catalyst-, they can synthesize it. Of 
course, green plants synthesize ascorbic acid, so that it is not a vitamin to 
plants. 

Moreover, even the self-sufficient animals are not always self-sufficient. 
Low vitality, due, for example, to low vitamin A intake^®, or to increasing 
age'*'', results in low ascorbic-acid production, in which case ascorbic-acid 
administration is indicated. 

Hormones and enzymes arc endogenous catalysts; however, the building 
stones of these endogenous catalysts are derived from food, an exogenous 
source. Thus thyroxine, the powerful thyroid biologic-oxidation catalyst, 
is produced from food componentij, from the mineral iodine and from the 
amino acid tyrosine, which the body must obtain from food. Similar state- 
ments may be made of other hormones, such as adrenaline, another tyrosine 


derivative (Ch. 7). 

Broadly speaking, an oxidorcduction enzyme is a protein-complex catalyst of 
high molecular weight, not dialyzable, and denatured by heat. Ihe enzyme 
contains, or is associated with, a coenzyme which is of relatively small molec- 
ular weight, diab'zable, and may be thermostable. The “active part” of the 

enzyme or cocnzynie is the prosthetic group. 

Now some vitamins serve as prosthetic groups in enzyme systems, llie 
best known example of such vitamins is vitamin Bi, or thiamine, which is the 
prosthetic group of the coenzyme cocarboxylase, a pyrophosphoric acid ester 
of thiamine. The cocarboxylase is, in turn, the prosthetic group of the enzyme 
carboxylase previously mentioned, which is a pyrophosphothiamine rnagne- 
sium protein'^b This enzyme carboxylase catalyzes the decarboxylation of 
a-keto acids, particularly pyruvic acid. If there is deficiency of thiamine, 
there is also deficiency of the coenzyme cocarboxylase and of the enzyme 
carboxvlase with the associated high level of pynivic acid^" and polyneuritis 
syndrome (Sect. 20.(i). The reaction equations under the influence of car- 
boxylase (decarboxylation of pyruvic acid) and dehydrogenases (conversion 
of triose phosphate to phosphoglyeeric acid, and oxidative deamination of 

amino acid) were cited in the preceding .section. 

Vitamin Bo, or rilmflavin, is similarly the prosthetic group of the coenzyme 

riboflavin mononucleotide, vhich is in turn the prosthetic group of dehydro- 
genase enzymes, such as Warburg and Christian’s “yellow enzyme” and of 
the dehydrogena.se enz>-me c>'tochrome reductase, jn-eviously described. 
There aic many riboflavoprotein enzymes catalyzing oxidation processes. 
The coenzvme riboflavin adenine dinucleotide is a i)rosthetic gro\ip, among 


Sutton T S , ct oL, ./. Chem., 144, 183 (1042). 

Phillips, P. II.. c/ «/., ./. Dairt, Sci,, 23, 873 (1040) ; 24, 153 (1041 


). Hohtda Friesian 


World, 39, 369 (1942). 
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others, of the enz>'me xanthine oxidase, and xanthine oxidase and riboflavin 
dinucleotide decrease during dietary riboflavin deficiency’. 

Nicotinic acid is similarly the prosthetic group of the coenzymes I and II 
(also knoNMi as codehydrogenases I and II and by other designations), which 
are, respectively, diphosphopyridine and triphosphopyridine nucleotides 
(containing nicotinic acid or pyridine groups, adenine, phosphoric acid, and a 
pentose). The pyridine nucleotides are in turn prosthetic groups of the 
dehydrogenase enzymes which catalyze oxidation of lactate, malate, 
(3-hydroxybutyrate, glyceraldehyde diphosphate, citrate, glutamic acid, glucose- 
6-phosphate, alcohol, succinate, formate, aldehydes and other substrates 
previously mentioned. Some inorganic elements, such as iron, function as 
prosthetic groups in enzyme systems similar to that of vitamins (Ch. 20). 

Phosphorylation of the substrate (glucose, glycogen, and so on) is prereq- 
uisite for all biologic oxidations, aerobic and anaerobic'’’. The ubiquitous 
participation of phosphates in biologic oxidation is, in fact, one of its most 
impressive features. There is a long series of phosphate esters, such as hex- 
osemonophosphate, hexosediphosphate, glycerophosphate, phosphoglyceric 
ester, phosphopyrindc ester, and so on, often associated with the names of 
their discoverers, such as the Harden-Young ester (fructose-1 ,6-diphosphate), 
Neuberg ester (fructose-6-phosphate), llobison ester (glucose-6-phosphate), 
Cori ester (gluco.se-1-phosphate) and so on, which play an important part in 

oxidoreductions. 

6.4.2: Minerals in biologic oxidation. 'As exi)laiued abo\e, phosphate 
occupies a key position in biologic oxidation. Pasteur observed its impor- 
tance in 1860, Harden and Young confirmed it in 1905, and it is currently 
under intensive investigation by the Cori, Lipmann and IMeyerliof schools, 
and by others. 

As explained in connection with phosphocreatine (Sect 6.2) some phosphate 
esters serve as temporary biologic energy reservoirs, analogous to cliarged 
batteries. Thus, according to Cori, the synthesis of 6 molecules of glucose 
phosphate is coupled, or associated, with the oxidation of one molecule of 
glucose. A mol of glucose phosphate, therefore, has a labile energy increment 
wliich, depending on the energetic efficiency of the process, may be as high 
as 115 Cal of about 700 Cal, the free energy of glucose). This is, pre- 
sumably, what Lipmann^ refers to as phosphate-ester bond energy, the 
main form or source of anaerobic energy as illustrateil by the reactions: 

glycorophospliato + HjO . ' glycerol -t- phosphate + energy 


t'ori, C. K., and Cori, G. T., 

Ann 
Biochem 
Biology ^ 

375 (1038) . i >1 »ivivi4, ••». - ....X. •». . • ., ax*., ww I « 

Kuloknr, II. M., Biol. Rev.y 17, liS (1012), ami K n:\jmolog in, 6. 143 (10301. 
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As the value of the equilibrium constant, K, is“ about 40 at 38°C, we have 
the equation 

AF° = -RT log K = -4.58T log K = -4.58 X 311 X log 40 = -22.8 Cal 

The phosphate group also catalyzes the oxidation and transport of fats®®. 
Other inorganic elements may participate in the oxidation of fat and perhaps 

in its transformation to carbohydrate®^ 

Pasteur also observed that magnesium has an important function in yeast 
fermentation, and it appears from the work of Cori, Lohmann, Ochoa, and 
others that Mg++, Mn++, and perhaps Co++, may activate cozymases, 
dehydrogenases, carboxylases, phosphatases, phosphoglycomutases, cholestori- 
nases, and that Mg is involved in the phosphorylation of enzyme systems. 
Carboxylase is a diphosphothiamine-magnesium protein®®. 

Probably because of its other activation effects, such as that on bone 
phosphatase®®, manganese deficiency, as observed on chickens, leads to leg- 
bone malformations, called perosis®h However, other deficiencies, such as 

of biotin and choline, also lead to perosis®*. 

Manganese has other functions®®. Its deficiency in young rats leads to 

testicular degeneration®®, subnormal vitality of the fetus and the new born®i, 
and abnormal maternal behavior including unsatisfactory lactation®®. Man- 
ganese deficiency also leads to a profound depression of hatchability of eggs 
(5 per cent of normal when the manganese in the ration is reduced to 40 
ppm) and the embryos show chondrodystrophy®®. Manganese may play 

an important part in the synthesis of ascorbic acid®h 

Iron is another conspicuous inorganic element involved in biologic oxidation. 
It is the prosthetic group of the hemins. Hemoglobin, the red pigment in t e 
blood, is the best known hemin complex. The body of the average adult 
man contains about 6 liters (or quarts) of blood; the blood contains about 
160 grams hemoglobin per liter; the red blood cells contain about 32 per cent 
hemoglobin ; hemoglobin contains about 0.33 per cent iron. The iron content 

of a 70-Kg human body is about 4 g. 


•’ BboV!*w'?’'R^‘“F?rtilisport in thotnM 

134, 683 (1940); 138, 471 . -oe ri040')-138 327 (1941) 

c; I) Sup W.i) and Norris, ' L. C., Id., 17, 407 (1939). Wilgus, H. S., and Patton, 

00 Orcnt, E. H. and^It■Collum, E. ^4''l9H1935)^^^^ ' 

Daniels, A. L.. ami Lvcrsoii G J.. ./. ; Vni ^01 nW2) 

Skinner J T., ami Stconbock. II., Am. J . / ^ Vi 1 Q 07 

I vons M , and Insko, W. .M., Kentucky Agr. Exp. Sta. Bull. 37, p. 61, 1937. 

o> liudra’. M.M., N»t>'rc, 144 . 668 (1939). 



ENZYMES, MINERALS, AND VITAMINS 


113 


The divalent iron atom occupies a central position in the hemin part of 
hemoglobin, binding, centrally, four pyrrol rings together into a tetrapyrrol 
complex, while four CH bridges bind the four pyrrols externally. 

The hemoglobin is oxygenated in the lungs (at high oxygen pressure) forming oxy- 
hemoglobin. The oxygen is carried along the passageways — arteries, arterioles, capil- 
laries (low oxygen pressure)— where it is freed from its loose combination with hemoglo- 
bin, and travels across the capillary walls and membranes to the tissues and the body 
cells. Then it passes back to the lungs to get more oxygen, and so on. The process is 
usually represented diagrammatically by the equation 


Hb + O2 HbOz 

in which Hb represents hemoglobin and Hb02 oxyhemoglobin. 

The amount of oxygen that can be taken up per unit blood varies with the species 
and individual. Thus, according to Baldwin8^ the oxygen capacity per 100 cc blood is 
about 25 cc in mammals, 18.5 in birds, 12 in amphibia, 9 in reptiles and fishes. In ani- 
mals which have the copper-containing hemocyanin* instead of the iron-containing 
hemoglobin, the O2 capacity is only 2 to 8 cc oxygen per 100 cc blood. Tlie metabolic 
rate of an animal is, of course, limited by the O2 supply to the tissue, which in turn is 
limited by the circulation speed and the O2 capacity of the blood. 

There is a similar mechanism for removal of the CO2 from the blood. On reaching 
the blood, the CO2 combines to form BHCO3, is carried to the lungs in association with 
the red cells, where H2CO3 is formed due to increased acidity consequent on formation 
of Hb02, and is exhaled as CO2. Carbonic anhijdrase, a zinc-protein enzyme®®, associated 
with the red blood cells, catalyzes the cleavage of CO2 from H2CO3 in the blood. 

Hemoglobin splits into heme (or hemin, the chloride form), the non-protein part con- 
taining the iron-pyrrol complex, and globin, the protein part. Species differences are 
due to the differences in the protein part. 

The structure of hemoglobin thus resembles that of enzymes in being an organic com- 
plex containing a protein and a prosthetic group. On removing the Fe from the heme, 
porphyrinfi7 (hematoporphyrin, protoporphyrin) results; on removing the Mg from the 
corresponding chlorophyll group, porphyrin (aetioporphyrin) results. 

It is interesting to contemplate the fact that chlorophyll, the green |)igmcnt in green 
plants, is structurally identical with hemoglobin, the red pigment in animals. They 
differ only in the central metal atom, chlorophyll containing magnesium instead of iron. 


Another iron-containing respiratory pigment in aerobic cells, cytochrome, 
was elucidated chiefly by Keilin®®. Cytochrome resembles hemoglobin in 

Baldwin, E., **An introduction to comparative biochemistry”. Cambridge 
(England), 1937. See also Redlield, A. A., “The evolution of tlie respiratorv function 

(1933^ ^ iieniocyauins”, RioL AVr., 9, 175 

* Hemocyanin is the copper-containing blue (when in oxygenated but colorless when 
in reduced form) respiratory blood pigment in certain coldblooded animals, especially 
molluscs and crustaceans, corresponding to hemoglobin. Hem )cyanin carries an atoi'n 

o u pel atom of ( u. Annelids haye a green and also red respiratorv pigments calhal 
respectively, chlorocruorin and hemorvthrin. 

It Of Mann, T., “Carbonic anhvdrase”, Xature, 144. [\'2 (1939). 
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having the iron-porph^alii or heme group, but the heme is combined not with 
globin as in hemoglobin, but with pyridine®^ and the iron is not always in the 
divalent form, but it exists, alternately, in two forms — ferrous and ferric. 

In the presence of dehydrogenase, the metabolite is oxidized and the cyto- 
chrome reduced : 


metabolite + 


oxidized (colored) 
cytochrome 


dehydrogenase 




oxidized 

nutrients 



reduced (colorless) 
cytochrome 


In the presence of oxygen and cytochrome oxidase, the oxidized cytochrome 
is regenerated : 


Reduced (colorless) ^ oxidized (colored) cytochrome 

cytochrome 

The cytochrome is thus alternately reduced and oxidized, analogous to the 
wav in which hemogloljin is alternately oxygenated and deoxygenated. The 
Fe in the cytochrome is oscillating between Fc"'^ and Fe''^+, transmitting 
electrons from II to 0 witlr the aid of cytochrome oxidase, while the Fe in 
hemoglobin is always in the ferrous form. 


Cytochrome has been investigated in its oxidized and reduced forms most spectacu- 
larly in the bodies of insects. Tlic scales of the insects were removed and observed under 
a microsi)ectroscopc. Typical 4-banded spectra appear under the spectroscope when 
the insect struggles and the cytochrome is reduced; the spectra disappear when the 
insect rests and the cytochrome is oxidized. Likewise in yeast, the spectrum appears 
when the air is reduced aTid disappears when air is supplied. In brief, the cytochrome is 
in the reduced form when the Oj supply is i)oor, and in oxidized form when the O 2 supply 

is good. 

The cytocluomo complex was called by Warburg’” “resi)iration catalyst” {xUmungs- 
fet'rfictii) , the metal being considered the essential catalytic feature which activates 
the oxygen for oxidation. This reasoning is based on the spectacular effect of such 
chemically inert substances as cyanides on respiration. Cyanide causes almost in- 
stantaneous death by combining with the iron of the cytochrome and also with hemo- 
globin. Inhalation of IICN for only two seconds causes unconsciousness in six seconds 
and death in sixteen seconds. Other substances, as carbon monoxide, which combine 
readily witli these respiratory carriers, have a similarly fatal effect. According to War- 
burg’s old theory, cyanide iitticlivalcs the metal, the activator of the oxygen for oxida- 

tion. 

Wieland", on the other hand, believed that the c.s.sential process is not oxygen activa- 
tion but hydrogen activation by catalysts called dehydrogenases'”, and that the essential 
feature of oxidation is loss of hydrogen from the metabolite molecule, the oxygen acting 
as a relatively passive II acceptor. The carbon servos as the framework for the hy- 
drogen. The es.sential overall reaction in biologic oxidation is accordingly 

Hydrogen + Oxygen -> Water 

Hzent-Gybrgyi”” believes that there is no contradiction between Wieland’s and War- 
burg’s theories, and that both O and H arc activated. 


G 
70 


^ C'f ''i'hcorcll, H.. Biuchcin. 298, 2-12 (193S). 

^ Warburg, O., Science, 61, 5“o (l!)2ol ; 68, 137 (1928) 


; Bull. Johns Hopkins Hospital, 


46, 341 (1930). 
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* t * t iuive the same concentra- 

hon of iron, both are quickly poisoned by cyanides, sulfides, and carbon monoxide. 

The difference between the two is that the iron atom changes valence Fe 

in cytochrome but not in hemoglobin; hence the use of the term “oxidation” for cyto- 
chrome and “oxygenation” for hemoglobin. The molecular weight of cytochrome is 
of the order of 16,500 (assuming 1 Fc per mol of cytochrome), the weight formerly given 

for hemoglobin. It is now thought that the molecular weight of hemoglobin is about 

68 , 000 . 

In view- of the importance of iron in oxygenation and oxiilation, it is evident that 
iron deficiency leads to serious metabolic disorders, structurally evidenced by hypo- 
chromic anemia (reduced hemoglobin formation). Like many other catalysts, however, 
iron is used over and over in the body. Therefore, it is only during grow'th, gestation, 
or in blood loss, in diarrhea, and intestinal disease, that considerable dietary iron is 
needed”. The dietary utilization of iron has been investigated” most spectacularly 
with the radioactive isotope Fe®’. 

It is generallj'^ knotvn that iodine’- is the important inorganic element in 
thyroxine, a powerful oxidation accelerating hormone (Ch. 7). 

There is no doubt that copper catalyzes iron utilization for hemoglobin 
formation” and that many oxida.se enzymes (such as ascorbic acid oxidase, 
polyphenyl oxidase, cytochrome oxidase, catechol oxidase, tyrosinase, and 
laccase) contain copper, or are copper-protein oxidases^b 

Cohall appears to be an essential trace element in the utilization of iron in 
sheep and cattle’® but, apparentl}'’, not in rats. 

Calcium’^, likewise, has a stimulating effect on some oxidases, as on succinic 
oxidase activity (bound up with cytochrome). 

Just as hemoglobin and cytochrome contain iron,” so carbonic anhydrase 
(associated with the equilibrium between carbonic acid and carbon dioxide 
in their transportation b}' the blood) contains zinc. This was disco\'ered by 
Keilin and Mann’® and substantiated and extended by Hove et who 
previously demonstrated that zinc is a dietary essential®®. 

Many other trace elements, such as Al, Be, B, Cr, Si, Sr, Sn, T, and Ni, are 
present in animal tissues®^, but their function, if any, is not understood. Thus 



^Tauber, H,, Her. Biochvtn., 10, ol iHtll). 

. ^ Lines, E, W., and Marston. II. K.. •/. Council Sci. ImL lies. Australia. 8, 111, 117 

(‘935). Neal, W. M., aiul Ahiuan. (\ F.. -/. Dairy Sci., 20, 7tl (11137). 

- * A.xelrod, A. E., Swiimle, Iv. I’’., and Flveliji'in, C. A.. ./. Hiol. Chern.. 140, 031 ilDll)- 

146.581 ^ M 


146. 581 (1942) . 

” Whipple, G. H., eial., J. Exp. Med.. 69. 739 (1939); 76, 17) (1912). 

® Keilin, D., and Mann, T., “('arbonir anhvdra.so”, \aturc. 144, U2 (1939); Hiochem 

‘^•.34, 1163 ( 1940 ). 

*Kf>ve, E., Elvohj ein, (\ A., aiul Hart, 17 IF, •/. Hud. ('hem., 136, 12o (1940). 
“Todd, W. R., Elvohjein, A., and Hart, F. IF. Am. J. I^hysioL, 107, 146 (1934). 
rj. palvery, II. 0., Food Hcscarch, 7, 313 (!'.)10). UusoO, F. L., Florida A^r Exd 

^ta. Bulls. 356 and 359, 1941. 
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vanadium^- is regularly found in egg yolk and some tissues, but its function 
is not known. Bernheim^^, however, reported that vanadium stimulates 
oxidation of phospholipins in the presence of liver. Molybdenum may have 
some nutritional function^**. 

Some trace elements are important in food, especially in dairy technology 
(Sect. 6.3). Thus, tallowiness of sweetened condensed milk is attributed to 
catalytic oxidations by contact with copper and/or iron. Tallowy, oily, and 
fishy flavors of butter and ice cream are also attributed to such oxidations of 
the fats or phospholipids catalyzed by contact with copper and/or iron. Ice 
cream containing strawberries and related plant materials may develop off- 
flavors due to the catalytic oxidative action of the plant enzymes on the 
butterfat or on its phospholipids. The presence of iron (ferrous) in milk 
may destroy enough vitamin A to cause ‘^salt ophthalmia’’ in animals fed 
FeS 04 with their milk®®. The low concentration of iron and copper in milk 
may be “explained” by the fact that their presence would be destructive to 
some vitamins. 

Minerals have, of course, other functions, physicochemical®^ and structural®®. 
Thus the skeleton contains about 85 per cent calcium phosphate, and in fact 
the total body ash contains about 75 per cent calcium phosphate. About 70 
per cent of the body’s phosphorus is in the skeleton. The phosphate is thus 
an extremely important structural as well as catalytic group. 

6.4.3: Vitamins in biologic oxidations with special reference to the relation 
between vitamin B and bios. The vitamins are usually divided into fat- 
soluble and water-soluble categories®®. 

Little is known about the catalytic significance in oxidoreductions of the 
fat -soluble vitamins. They are not universall}^ distributed or needed. Cock- 
roaches®®, for example, need no vitamin A; goats®^ need no vitamin E; yeasts 
need no vitamins A, E, D, or K. 

The functions of the fat-soluble vitamins are rather more specialized than 
general oxidoreduction. Thus vitamin A is the prosthetic group of a very 
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specialized conjugated protein system serving a visual function in higher 
animals. The equilibrium visual purple (rhodopsin)^ visual yellow (reti- 
nene) ^ ATSual white in the retinal rods, involving also visual violet (iodopsin) 
in the retinal cones, is concerned with adjustment of vision to bright and dim 
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Vitamin .V is apparently not a basic or general biocatalyst ; nevertheless in 
some species its deficiency leads to widespread and grave symptoms. 
'I’lie \ itamin A deficiency symptoms in humans are generally known. Vitamin 
.V defieirmey in growing cattle leads to const lict ion of the optic foramen with 
consequent optic nerve constriction and blitulne.ss ; syncope likely produced 
by increased intracranial pressure; papillary edema and nyctalpia; bleaching 
of the tapetum lucidum of the retina, but not keratitis'-'''; degeneration of 
germinal epithelium of the testes and absence of spermatozoa, and changes 
in the pituitary (T. S. Sutton); (mteritis, kitlney and liver lesions, and diar- 
rhea''^. 

Vitamin E fa-toeopherol'"') may be a respiratory enzyme”, but the most 
striking effects"*, in case of deficiency, are on the pituitary"'’ and reproduction 
in general, leading to resori)li\(‘ sterility and degeneration of the germinal 
epithelium in rats.^'^- muscular dystrophy and paralysis in rats, guinea pigs 
and rabbits'"' and cncephalomalaeia in chicks'"'-’ (dh. 20). 

Vitamin K, a (luinoid'"'*, such as 2-metliyl-l ,-1-naphtiioquinone, may be an 
oxidation catalyst'"', but it is known only as being necessary for prothrombin 
formation. Prothrombin is, in fact, the proenzyme of thrombin, which 
converts fibrinogen to fibrin in lilood clotting. 

Vitamin D (irradiated crgosterol or 7-deh3'drochloesterol'"") is known for 
its catalysis of absorption of calcium and phosphates from the intestinal 
tracts, bone formation, and prevention and cure of rickets'"". 

On the contrary, most of the water-soluble vitamins of the vitamin B or the 
bios type ajipear to be almost univensally di.stributed and involved in basic 
oxidoreductions. 

The story of the development of our knowledge of the interrelation between 
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vitamin B and bios'“' is fascinating. About ISbO Pastcnt‘“« ()bser\-od tliat 
yeast requires some factor for growth and fonncntation which Wildier"’® 
in 1901, called bios. It is now known that bios is not a factor, but a family 
containing perhaps a dozen members, designated “growth factors”. The 
important development emerged that the yeast “growth factors” are identical 
with a dozen-odd vitamins which make up what is now called the vitamin B 
complex. Nine of these factors have been obtained in crystalline form. 

The modern study of the B vitamins may be said to have begun**” with tlie 
antiberiberi or antipolyneuritis factor, now called thiamine or vitamin Bi. 
About 1897 Eijkmann*** observed that beriberi results from the lack of a 
substance present in rice polishings. In 1911 Funk**” prepared the beriberi- 
curative substance from rice polishings; detecting an amine therein, he named 
the substance vitamin — a “vital amine”. It was a charmed name which 
outlasted the accessory food substance and growth-factor designations em- 
ployed by**® Hopkins and by Osborne and Mendel. 

Peters**'* observed that thiamine deficiency in the diet results in deficiencv of 

' % 

cocarboxylase, the catalyst for splitting C ()2 from pynivic acid with conse- 
quent accumulation of pynivic acid, associated with the beriberi syndrome. 

The function of thiamine is that of a prosthetic group in a respiratory en- 
zyme. But, of course, like other vitamins, it also influences growth rates 
which are coupled with oxidoreductions ; the early assay work for thiamine, 
as for other vitamins, was conducted by the growth method. 

The knowledge of the B vitamins (needed by higher animals) thus paral- 
lelled the knowledge of bios or growth factors (needed by yeast and other 
plants). But it is only recently"® that it has become definitely known that 
the two, bios and vitamin B, are identical. Yeast, liver, and rapidly growing 
plants are the best source of the B vitamins. 

Note, however, the difference in the synthesizing powers of animals and 


107 Williams, R. J., Biologic Reviews, 16, 49 (1941); Enzijmologia, 1, 387 (1941); Univ. 
Texas Publ. 4137, 1941. See also: Tanner, W. P., Chem. Rev., 1, 397 (1925); Miller, 
W. L.,J. Chem. Ed., 7, 257 (1930) ; Peskett, G. L., Biol. Rev., 8, 1 (1933). 

108 Pasteur, L., “Memoirc sur la fermentation alcoolique”, Arm. chun. Phys., 68, 
323 (1860) ; Pasteur, “Etudes sur la bierc”, Paris, 1876. 

i»»Wildier, E., La cellule, 18, 313 (1901). 

“®The earliest publication indicating that milk whey (free from casein, fat, sugar, 
and even ash) contains an indispensable dietary substance, what is now called vitamin B, 
is attributed to Lunin, G., Z. 'physiol. Chem., 6, 31 (1881). 

*** Eijkmann, C., Virchow*8 Arch., 148, 523 (1897). 

"*Funk, C., J. Physiol., 43, 395 (1911). Cf. Drummond, J. C., Biockem. J., 14, 
660 (1020) 

Hopkins, F. G., Analyst, 31, 385 (1906) ; J. Physiol., 49, 425 (1912). See also Hop- 
kins and Neville, D., Biochem. J., 7, 96 (1913); Osborne, T. B., and Mendel, L. B., J. 

r! a! Slem. J., 30, 2206 (1936); 31, 2240 (1937); 32, 2031 fl938); 33. 
1109 (1939) Ochoa, S., and Peters, R. A., Biochem. J ., 32, 1510, 1938. Sherman, W. C., 
and fiSemV a ^ Am. J. Physiol., 117, 242 (1936). Thompson, R. H. S., and John- 
son, R. E., Biochem. J., 29, 694 (1935). 

WiUiamB, R. J J" 
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])lant8. Animals must obtain tlioirs from external sources, hence, by defini- 
tion, tlu'v are c.ro(j('nous catalysis to animals; yeast and other plants synthesize 
them, hence, lyv delinition, they are enzymes or hormones, endogenous cata- 
lysts, to plants. 

Many animals, ('specially ruminants (cattle, sheep), need B vitamins, yet 
do not need them. Tlx'y reciuirc them for their metabolic processes, and their 
tissues cannot synthesize them; but their gastrointestinal flora produce them 
in great abundance. Cattle"® certainly do not need thiamine"^ (Bi), ribo- 
flavin"® (B 2 ), niacin"'®, pantothenic acid'-®, pyridoxinc'-' (Bg), ascorbic acid,'-" 
and jjerhaps vitamin K, other than supplied by the rumen flora. Indeed, 
it is said that cow manure is very rich in the B vitamins; it is certainly the 


richest known source of biotin'®®. 

Prior to a certain age, when the rumen begins to function, calves apparently 
do need an external source of the B vitamins, normally obtained from milk‘®h 

As previously noted, primate and guinea pig must ingest ascorbic acid with 
the food — it is a real vitamin, an exogenous catalyst to these species ; but other 
species investigated synthesize ascorbic acid in the body, perhaps in the liver'®® 
and elsewhere, in fact, ascorbic acid tends to be destroyed in the intestinal 
tract of some species, such as cattle'®®. It should be understood, however, 
that low vitality due to any cause, such as poor nutrition and advanced age, 
is associated with reduced vitamin C production in animals that normally 
produce it, in which case ascorbic acid administration is indicated'®®. 

All animals must have ascorbic acid, an indispensable hydrogen carrier'®*, 


Z-ascorbic acid 


ascorbic 

oxidase 




‘ dehydroascorbic 


acid -1- 2H 


n» Burkholder, P. R., Proc. Nal. Acad. Sci., 28, 285 (1942). 

>” Bechdel, S. I., Eckles, C. H., and Palmer, L. S., J. Dairy Sci., 9, 409 (1926). McEl- 
roy, L. W., and Goss, H., J. Biol. Chem., 130, 437 (1939) -.J. Nut., 21, 163 (1941). Wegner, 
.M. I., Booth, A. N., Elvehjem, C. A., and Hart, E. B., Proc. Soc. Exp. Biol. Med., 46, 
769 (1940); 47 , 90 (1941). Bethke, R. M., el al, J. Nut., 21, 85 (1941). 

McElroy and Goss'" ancl J . NuL, 20, 527, 541 (1940). Wegner, et al."’’ 

Wegner, et al.'", (1940) . Winegar, A. H., Pearson, P. B., and Schmidt, H., Science, 

91,508 (1940). 

'2“ McElroy and Goss,'" (1939), and J. Nut., 21, 163, 405 (1941). Wegner, el ah'" 
'2' McElroy and Goss,'" (1939). Wegner, et al.'" 

Thurston, L. M., Ecklcs, C. H., and Palmer, L. S., J. Dairy Sci., 9, 37 (1926); 12, 
394 (1929). Huffman, C. F., el al.. Id., 26, 983 (1942). 

'“Williams, R. J."" 

Savage, E. S., and McCay, C. M., “The nutrition of calves”, J. Dairy Sci., 26. 

595 (1942). , 

Hopkins, F. G., and Slater, B. R., Btochem. J., 29, 2803 (1935). 

Knight, C. A., el al, J. Dairy Sci., 24, 567 (1941). 

'" PhiMips, P. H., el al, J. Dairy Sci., 23, .873 (1940); 24, 153 (1941). Sutton, T. S., 
el al, J. Biol Chem., 144, 183 (1942). 

'“The reverse reaction cf. Borsook, H., and Jeffreys, C. E. P., Science, 83, 397 
(1936). Hopkins, F. G., and Morgan, E. J., Biochem. J., 30, 1446 (1936)]: 

dehydroascorbic acid -f 2GSH -» ascorbic acid -|- GSSG 
Glutathione is also said to protect ascorbic acid (reduced form) from autoxidation. 
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Why does not tlie guinea pig syntliesize aseorhic acid? because, says 
Szent-Gydl•gyi‘-^ the guinea pig was c\-ol\ ed in the lro|hcs, always sinrounded 
by ascorbic acid-rich green herbage; survi\al ilid not depend on ascorbic- 
acid production. Therefore, in the course of evolution this species lost tlu' 
ability to proiluce it, or did not have to de\olop it. The .same argument is 
extended to primates, who cannot i)roduce ascorbic acid: they originated in 
the tropics. 

Onlj" dogs, pigs, and primates were definitely shown to be dependent on 
dietary nicotonic acid. It appears that rats and chickens can synthesize 
nicotinic acid,'^® without the aid of gastrointestinal floia.'^* 

It thus seems that there are species, and perhaps individual differences in 
vitamin requirements; one, but not another, for cxam])le, dc\clops rickets 
under the same conditions of vitamin p and calcium supply. The same is 
true of other vitamins. 

Moreover, there are interesting supplementary vitamin and substrate rela- 
tions. Thus, as is generally known, vitamin ]) is most effective with a milk 
diet, which is the reason for fortifying milk with \ itamin 1). There are similar 
supplementary relations between vitamins. Thus biotin is practically with- 
out effect on yeast growth unless pyridoxine is simultaneously added to the 
culture medium.'^- Certain rat acrodynias are more easily cured if both un- 
saturated fat and pyridoxine are fed than if only one of them is fed.”^ P>'i i- 
doxine and the essential fatty acids (especially linolcic, arachidonic and lino- 
lenic) supplement each other.'’^ 

Some, but not other, species or individuals may perhaps possess alternate 
catalysts when the normal one is lacking, or be more sensitively recepti\’e to 
a given catalyst or to its lack. 

Thiamine and riboflavin supplement each other, as indicated by the enor- 
mous acceleration of urinary riboflavin loss on decreasing the thiamine intake.”* 

Vitamins have many extremely interesting supplementary, antagonistic, 

balancing and detoxifjdng effects. 

Thus to cite a few examples. Holmes”* reported that ascorbic acid, in doses 
from 250 to 500 mg per day, deto.xifies the excessive production of histamine, 

““ Szent-Gviirffvi A v “On oxidation, fermentation, vitamins, health, and disease”, 
The Abraham Flexner Lecture Series 6, Published for Vanderbilt University, by Williams 

& Wilkins, Baltimore, 1939. ^ ... oao 

Dann, W. J., J. Biol. Chem., 140, 9^; 141, 803 1941). 

Snell, E. E., and Quarrels, E., 22, 483 (1941) 


and 


affect rat dermatitis” Univ Missouri Agr. Exp. Sta. Res. Bull. 333, 1941. 

'“Salmon^ D Aoc Am. Soc. Biol Chem., J. Biol. Chem., 140, 6lX (1941). Burr, 
G O Prnr Fed Am Soc Exp. Biol., 1, 224 (1942). 

>«’Sure!B *and Ford Z; Proc. Fed. Am. Soc. Exp. Biol., 1, 137 (1942) ; J. Biol. Chem., 

^““•^Urnef H N and Alexander, W., Science, 96, 497 (1?42). See also Beyer, K. H., 
“AaeorSd inactivaLn in animkls”, J. Pharm. Exp. Ther., 76, 149 (1942). 


1 
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( yisN.. associated vvilli l.av fexTr, lhoi<-l>y ivlicvi.is this ailment ; ^ 
obsorvod a detoxicatiiiK action of ascorliic acid m ttold thenipx ; Levine 
reported that vitamin C' corrects in inlaiits a disorder associa ed with excess 
i.ifiestion of tvrosine and phenylalanine ; feeiling rice bran and v^ast extracts 
tends to inhibit the diwelopment of certain types of cancer.'” Fat synthesis 
in the bodv is dependent on the presence of all three vitamins iiboflavin, 
pvridoxine; and pantothenic acid'”. The dietary need lor b.otm varies di- 
rcctlv with the consnmiition of raw egg white (avidin) which binds the biotin, 
and there is an interoting interrelation between biotin, pimehc acid, and 
avidin (sec below, p. 126). Raw fish has a substance which apparently 
similarlv inactivates thiamine leading to “t’hastek paralysis”, a t^'i^mme- 
deficiency syndrome resmnbling Wernicke’s disease in man due to a cohohsm. 
d'he toxic effects of the sulfa drugs ai;e antagonized or neutralized by thiamine 
and p-aminobeiizoic acid"=' (Fig. 6.2). Hyperthyroidism is relieved by 
vitamins C and A"'. Methionine or choline and homocystme, detoxffy pyri- 
dine'^'y forming harmless methyl jiyridinium hydroxide. Riboflavin often 
exerts a “sparing action” on thiamine'”, and so on. We shall presently note 
other supplementary relations, such as that of p-aminobenzoic acid and 
inositol; pvridoxine and fatty acid; choline and methionine. 

There is a curious structural relation between thiamine (Bi), riboflavin 

(B 2 ), pyrodoxine (Be), and nicotinic acid discussed above. 

Williams employed the designation thiamine for vitamin Bi because 1 

contains a thiazole group. 

N 


■ut 


-C c— 

it also contains a pyrimidine or diazine gioup 

N=C— 


C C 


N— CH 

Carratala, R. E., ./. AmJIed Assn 120, 1331 (1942). 

13S Levine, S. Z., el al. J Clin I nv iUnreh, 1941). 

Sugiura, K.. and Cancer ftesearrt (1941). 

00 Steenbock, H., el al, J. Btol C/icm 146, 163 (1942). ^ 

Green, R. G., Carlson, W. E., and Evans, C. A , 

P/tih 18 7Q no42) Joliffc, N.,ei ci^., Avch. Neurol. I sychiat.y 47| 215 (1942). . 

ElvehjcrC A., Biol Chem., 146. 137 (1942). Light, R. F., cl al, J. Nul, 

WeS? R., Ptoc. Soc. Exp. Biol Med., 46, 369 (1941). Wise, D.. J. Pharm. Exp. 

'^'^tu’^cm\uRtm,B\'E.elal,J.NM . „ 

Sekol, J. A., and Conway, W. J., Abst. Atlantic City Meeting Am. Chem. Soc. 
e^h/s,*L. N., and Zmachinsky, A., Science, 86, 245 (1937). 
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so that the fonmila of ihiainiiu' livtlroclilovulo is 


CH, 

X=C-X1I4IC1 C=C-Cll2CII,011 


1 

1 


/ 

CHrC 

c— 

— CII-: 

-N 

11 

11 


l\ 


N— ClI C CH— S 


The relative functional importance ()f tlie two fj;ioui)S, tliiazolc and pyri- 
midine, is discussed by I.ipmann.*'^^ 

The interesting aspect from the viewpoint of unity in (iiversit>- is that rilio- 
flavin (ntamin B 2 ) also has a pyrimidine group. In this case, liowe\er, the 
pyrimidine group is coupled not to a fhiazole, hut it is a part of isoalloxazinc, 
as indicated by the formula of (/-riboflavin 

CHdCIIOID^CIbOH 


N 


N 




CH 


CH 


CO 


"vAk^Aco/ 


Nil 


A ribytyl group, CH 2 (CH 0 H) 3 CH 20 H, is attached to position fl; hence the 

name 6.7-dimethyl-9-(i-ribytyl isoalloxazine. 

This substance was apparently first obscia'ed by Szent-Gy6rg>d>«« in his 
studies on biological oxidation-reduction systems (not \itamins). Szent- 

Gyorgyi called it jlave and cytojiave. 

Nicotinic acid (niacin), contains a closely related ring, not pyrimidine, 
but pyridine. Indeed, 3-p3uidine-3-carboxylic acid amide 

H 

I 

C 0 

/ \ 

HC C^C-NIb 

I II 

HC CH 

\ / 

N 


U the active antipellagra factor'^, when combined in the body with phos- 
phoric acid, adenine and pentose (which together constitute cozymases I and 
II). Nicotinic acid has a — COOH group in place of — CONHj. 


ictor, J. moi. Kjnem., 

i'm" and Smith, ST G., “Pellagra successfully treated with nico- 
tiniJacid',’ V. xSed issn., 109. 2054 (1937) Spies T D., Copper, C.,andBlanken- 
horn M A /d 110, 622 (1938). Elvehjem, C. A., “Relation of nicotinic acid to pel- 
lagra,'? Physiol.’ Rev., 20. 249 (1940). 
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I’x iitloxiiio (Rc) also contains a i)yri(linc rinp;. Pyridoxino hydrochlonde is 

l-nK‘1hyl-2-liydroxy-3-l-dihydr<)yin('thyl iiyridinc liydmchloride 

CH.OIl 


C 

/ \ 

HOC c-CHjOii 

CH,C CH 

\ / 

N 

HCl 

This is an anlidcrmatitis factor for rats'®® and a growth-stimulant for yeast'®®, 
cxiscd tomato roots''®, and so on. Unlike nicotinic acid, however, pyridoxine 
has not (yet) been shown to be a constituent of an enzyme, but it exists in 

nature as part of a protein complex, which may be the enzyme. 

Pyridoxine deficiency may lead to convulsions'"' resembling epileptic fits in 
rats, i)igs, and dogs. It is also needed by chicks. Pyridoxine appears to be 

a factor in hemoglobin formation and fatty acid utilization. 

lt*apppais to be involved in protein metabolism and in the synthesis of 

fat from protein.''® , n m \ . 

We thus have two pyrimidine vitamins: thiamine (Bi) and riboflavin (152) , 

and two pyridine vitamins: nicotinic acid and pyridoxine (Be). 

Coenzymes I and II are pyridine (nicotinic acid) derivatives, composed of 

one nicotinic acid, two pentoses (ribose), an adenine nucleotide, and two and 

three phosphoric acids, respectively. Hence the coenzymes I and II may e 

called di- and tri-phosphopyridine nucleotides, respectively. 


phosphate-ribose-adenine nucleotide 
phosphate-ribose-nicotinic acid 


niacin 


enzyme 


Coenzyme I : 

The flax-oprotein enzymes, such as Warburg’s yellow enzyme, are sU'uc- 
turally similar to the coenzymes I and II except that they have riboflavin, a 
pyrimidine group, instead of nicotinic acid, a pyridine group. The yellow 
enzyme, for example, is therefore diphosphopyrimidine nucleotide, just as 

coz 3 ^mase I is diphosphopyridine nucleotide . 

>«* Richardson, L. R., Hogan, A. G., and itschner, K. F., “Vitarnin B, pantothenic 
nciti and unsaturated acids as they affect dermatitis in rats, Univ. Jilissouri Ag . 
Ixp Sta Ts Si m 1^ Lepkovsky, S., “Pyridoxine.” Symposium Biological 

Action of Vitamins, Univ. Chicago Press, 1041. 

Williams, R. J.'®h MoHer, E. F., Z f 

Robbins, W. J., and Schmidt, M. B., Proc. Nat. Acad. Set., 26, 1 (1939). 

1” Chick H., et al., Biochem. J., 34, 595 (1940). Lepkovsky, S., Jukes, T. H., e ^ 

J Nut 16,’ 197 (1938); Science. 96, 331 (1942). Vilter, R. W., el al. Nature, 146. 388 

(1940) Lee J. G., and Hogan, A. G., Univ. Mo. Agr. Exp. Sta. Res. Bull. 342, 1942^ 

Birch ’ t. W., J. Biol Chem.. 124, 775 (1938). Richardson, Hogan, and Itschner . 

McHenry, E. W., and Gavin, G., J. Biol Chem., 138, 471 (1941). 



IiXZYMFS, MIM^JRALS, AXl> VITAMIXS 


12 ; 




Yellow enzyme: 


phospiwitc-ribosc-adtMiiiic miolontiilo 

I 

phosphalo-riboso-vibollavin 


riboflavin 


enzyme 

There is a strikin'): dilTerenco tx'twoen the amounts of different \ itamin 
requirements in relation to boily size. It appears that the need for tlie uni- 
vei'sallj’’ required vitamins of the vitamin B group, wliieh are detinitcly par- 
ticipants in oxidations, sucli as thiamine, vary in proportion to enei'gy metab- 
olism, approximately in proportion to surface area; whereas the specialized 
vitamins, such as vitamin A, are probably neetled in proportion tosim])le body 

weight. 

When the energy-metabolism lc\ cl is changed, the need for these oxidation 
vitamins is probably changed jiroportionately. ddiis was reported l:iy Mills 
and by Gj'orgy as regards the influence of change of tcanperature on thiamine 
and pj’ridoxine needs'"', by Drill and 0 \erman as regards the influence of 
thyroid administration on pantothenic acid needs'"*, and by the Pennsylvania 
Experiment Station'"* as regards the influence of exercise on thiamine need. 
Fever is known to increase the need for vitamin C.''' 

The numerical values for the vitamin recpiirements of different species and 
body weights cited in Chapter 20 bear out this statement as far as data are 

available. 

The following are some of the more recently investigated vitamin or bios 
factors. 

Pantothenic acid (name derived by R. J. Williams from the Greek meaning 
/rom everywhere, since it was found in most diverse living organisms), of which 
the lactone form is'^* CH2-C(CH3)2-CIIOH-CO, and the active form with 


0 


/ 3 -alanine is CH20H-C(CH3)2-CH0H-C0-NH CH2-CH2-C00H, a com- 
ponent of the “filtrate factor”'^* (chick antidermatitis), is a growth-stimulant 
for yeast and perhaps for all microorganisms. It is a coenzyme in some fer- 
mentation processes.'** 

The vitamin II of Gydrgy'®' and others was recently found to be identical 
with coenzyme R of Allison, Hoover, and Burk'*-, identical with biotin, 
CioH, 603N2S, a urea-thienyl valeric-acid compound.'** 

"'Mills, C. A., Am. J. Physiol., 133, 525, 390 (1941). Gyorgy, P., J. Nut., 16, 69 
(1938) 

brill, V. A., and Overman, R., Am. J. PhysioL, 136, 474 (1942). 

"• Report Office of Experiment Stations, U. S. D. Agriculture for 1941, p. 71. 

‘"Daum, K., et al., Proc. Soc. Exp. Biol. Med., 40, 129 (1939). 

"'Williams, R. J., and Major, R. T., Science, 91, 246 (1940). 

"' Lepkovsky, S . and Jukes, T. H., J. Biol. Chem., 114, 109 (1936). Jukes, T. H., 
J. Am. Chem. sL., 61, 975 (1939) ; J. Biol. Chem., 129, 225 (1939). Woolley, D. W., Wais- 
man, H. A., and Elvchjem, C. A., J. Bwl. Chem , 129, ^ (1939). 

Pratt, E. F., imd Williams, R. J., The effects of pantothenic acid on respiratory 

Gydrgy, V^elaiTsd’eni 9R 243’(1940); 92 , 609 (1940); 93, 477 (1941). du Vig- 

^^"'AlHson, F.’e!! i^owr,^^ R^., and Burk, D., Id., 78, 217 (1933). 

du Vigneaud, V., Id., 96, 455 (1942). 
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C 

/ \ 

HN Nil 


HC 


CH 


II, C CII-(CH,)4-C00II 

\ / 

s 

Biotin, found in milk, egg yolk, liver, yeast, etc., increases respiratory 
metabolism in Ehhohixm^^\ fermentative and respiratoiy metabolism ^m 
yeast‘«^ protects rats'®' against the raw egg-white toxic factor aMclin , 
and chickens against porosis.'®' The superficial symptoms m the rat are 
eczematous dermatitis in^•olving eyelids and lips and an ischemic gangrene 

of the tip of the tail. . . 

A recent sensational observation is that biotin has a procarcinogemc effect 
on tumor formation induced by feeding the azo dye butter yellow to rats an^ 
that riboflavin and related vitamins counteract the carcinogenic properties . 
Like embryonic tissue, tumor tissue is richer in biotin than normal adu 
tLssue'®'*' Pimelic acid may be a biotin iirecursor, and one is an accessory 

growth factor in the absence of the other'®®. 

Inositol, a hexahydroxycyclohexane, 

CHOH 

/\ 

HOHC CHOH 


HOHC CHOH 

\/ 

CHOH 

widely distributed in biological material in the form of phosphoric ester, 
("phytin” in plants, “muscle sugar” in animals) is a member of the bios com- 

Burk, D., Winzler, R. J., and du Vigneaud, V., Proc. ,9^ X® j’ Biol 

m Boas, M. A., Biochem. J., 21, 712 (1927) Parsons, H. T., and Kelly, K., J. moi. 

OhdTti 100» 645 (1933) J Biochcfti. J 31» 433 (19^)* r>* i loc cm 140 

^ eS, R, E., Snell, E. E., and Williams R J J. Bioh Chem., 136, SOI (1940), 140. 

R G^^andMUler 0 N “ Relatio^i of bioti.Uo pero^s,” 

Bird, F. ll, P^c. Soc^.p. Biol. Med., 

vigneaud, V., el al.. Science, 96. 174 (1942). See also J. Am. Med. Assn., 118. 

^*^189 Rtmads, C. P., el al., -Science 93, 

190 West P. M., andWaglom, W. H., Science, 93, 525 (1941). 

Z drvtSS; V.; "a; “;fling, « .l, &■.«=., se, (I942) . E.ki., B. E., and E. a., 

Id,f p. 188. 
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plex'®* and is one of (ho antidonnatitis aiul antialo|>ooia vitamins’®-', IIow- 
ever, the alopecia also ilo\oloiis in mice oven in (lu' piosonoo of inositol if 
there is pantodionio aoiil doficionoy'®-®. It appears that mice can synthesize 
inositol if pantothenie acid is present'®®; the synthesis is perhaps aeeumplishod 
by bacteria in the cliii;esti\'e tract. 

Inositol dolicicncy may lead to the ‘Mnotiii type” of fa(ty liver in (he rat’"^ 

or, like lipocaio, it appears to prevent the “biotin type” of fatty liver hut not 
the “thiamine type”. 

^ There is a curious relation between inositol and p-aminobenzoic acid; addi- 
tion of p-aminobenzoie arid often precipitates the inositol-deficiency syndrome, 
and vice versa, causing a graying of hair in black rats similar to the graying 
due to pantothenic acid deficiency^®®. 
p^Amirwbenzoic acid, 


COOH 

NII2 


a member of the bios complex’®®, was announced by ^Vnsbacher-®® to be an 
“anti-gray fiair factor” for black rats fed under certain conditions. It is said 
that it is not the absolute amount of 7>-aminobenzoic acid that is important 
in this syndrome, but its ratio to pantothenic acid, which controls the growth 
of the vitamin-S3''nthesizing powers of the gasti’ointestinal flora-®’. Sure-®- 
reported that it may be a factor in fertility and lactation in the rat. It affects 
tyrosinase activity^®®. 

CholinCj a trimethyl hydroxyethyl ammonium hydroxide, 


(CH,), 

^N-OH 

CH 2 CII 2 OH 

Eastcott, E. V., J. Pkys. Chem., 32, 1094 (1928). 

Woolley, D. W.,y. Biol. Chem., 136, 113 (1940); Science, 92, 384 (1940). 

’•^Woolley, D. W., Proc. Soc. Exp. Biol. Med., 46, 565 (1941), 

Woolley, D. W„ J. Exp. Med., 76, 277 (1942). 

Gavin, G., and McHenrv, E. W., ./. Biol. Chem., 139, 485 (1941); Proc. Fed. Aju. 
Soc. Exp. Biol., 1, 124 (1942). 

’“Wisansky, W. A., Martin, G. J., and Ansbachcr, S., J. Am. Chem. Soc., 63, 1771 
(1941). 

Rubbo, S. D., and Gillespie, J. M-, Nature, 146, 838 (1940). 

Ansbacher, S., Science, 93, 164 (1941). Martin, G., and Ansbaoher, S., J. Biol. 
Chem., 138, 441 (1941); Proc, Soc. Exp. Biol. Med., 48, 118 (1941); Proc. Fed. Am. Soc. 
Sxp. Biol., 1, 98 (1942). 

(l^^Martin, G. J., Proc. Am. Soc. Exp. Biol., 1, 58 (1942); Am. J. Physiol., 136, 124 
Sure, B., J. Nut., 22, 499 (1941). 

Ansbacher, S., et al., J. Am. Chem. Soc., 63, 1771 (1941). 
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closolv lelatc'd to afctylcliolino, is a component of the phospholipid lecithin, 

|)hosphoric acid-choline 

glycerol^^fi'*fy 

^fatty acid 

is often thouKhl of as a vitaniin-"h sometimes as a bios or growth factor since 
it is recinired by some bacteria and as a. member of the B-vitamin complex^'’”, 
llowei-er, growing rats can synthesize choline-"“ (see below). It is mosBy 
known for its catalysis of lipid phosphorylation (formation of phospholipid) 
and transport and oxidatioir"y Lack of dietary choline^ (or lecithin, or 
certain other methyl-containing groups), however, leads to diverse syndromes, 
such as perosis in chicks-“^ impairment of lactation^"' (rats), fatty livers’-o^'*'", 
hemori'hagic renal lesions'", deficient vagus function (inadequate acetocholine 

formation )"^ 

The body is apparently able to synthesize choline provided that the diet 
contains “labile methyl” groups^'^' 2"' -'L such as are present in methionine and 
betaine. Indeed, it appears that it is not choline that is the important factor 
but methyl groups in utilizable form for transmethylation (specific transfer 
of methyl groups as needed) and that the methyl groups of choline, methio- 
nine, and betaine are thus transferable. 

From the above discussions it appears that choline is a “vitamin” in the 
special sense that it supplies indispensable methyl groups if the diet is inade- 
quate in methionine (below 0.8 per cent methionine; or if casein is the sole 
source of protein, less than 30 per cent casein in the diet). Increasing cystine 
in the diet, or increasing food intake of any kind, increases the choline requiie- 
ment-'L High-fat and low-protein diets similarly increase the choline re- 
quirements, which if not satisfied may lead to cirrhosis of the liver'^'L ^ 

6.6: Note on biologic synthesis with special reference to CO 2 assunilation 

Best, C. H., d al., J. Physiol, 86, 315 (1936). Gyorgy, P., Ann. Rev. Biochem., 
11, 309 (1942). 

King, C. G., Ann. Rev. Biochem., 8, 389 (1939). 

2 «eJacobi,H.P., J.BioLacm.,138.571 (1941). on ^ r-u 

20MVelch, A. D., Proc. Soc. Exp. Biol. Med., 36, 107 (1936); 39, 7 (1938) Chaikoff, 

I. L., J. Biol. Ckem., 127, 211 (1939), and others. 

208 Jukes, T. H., J. NuL, 20, 445 (1940). Jukes and Almqinst^s. 

205* Sure, B., Id., 19, 71 (1940). >r -n i r • 7 ioi 7 

Best, C. n., Hershov, J. M., and Huntsman, M. E., Am. J. c • 

Best, C. H., and Ridout, J. H., Ann. Rev. Biockem., 8, 349 (1939). Best, C. H., Science, 

H., J. iVat., 19, 437 (1940); 21, 291, 633 (1941); 22, 239 (1941). 

Solandt, D. Y., and Best, C. H., Nature, 144, 376 (1939). 

” J ^S™!i34. 787 (1040) ; 140. 625 (1941) 

du Vigneaud, V., e< al, J. Biol Chem., 131, 57 (1939) ; 134, 787 (1940) ; 139, 917 (1941) , 

140, 625 (1941), and other papers. . ^ „ eo non r w,,/ Vi 

Griffith, W. H., and Mulford, H. J., J. Am. Chem. Soc., 63, 929 (1941) , J. Nut., 23, 

2”Smberg, H., et al. Science, 93, 598 (1941); Proc. Fed. Am. Soc. Exp. Biol, 1, 187 
(1942). 
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m heterotrophs. Analiolism, or hioloRic sviidu-sis, is iiocossarily oouplod 
with catabolism, or biologic oxidation, discussed in (he preceding sections, 
and some of tlm same oxidoreduetion catalysts involved in catabolism are 
also involved in anabolism. This section presents a few examples of biologic 
synthesis beginning with a brief footnote, b>- way of reference to the litera- 
ture, on the assimilation oi C'Oj-carbon by heterotrophs. 

AMnogradsky-'* discovered in 1890 that some soil organisms obtain energy 
by oxidation of ammonia to nitrites, and nitrites to nitrates, and using this 
energy for carboxylation, that is, assimilation of carbon from atmospheric 
CO 2 , independently of radiant energy, for building up their tissues (C’h. 2). 

The new development is that saprophytic bacteria and certain ti.ssnes of 
warm-blooded animals thought to be able to utilize only comi)lex organic sub- 
stances (carbohydrates, fats, proteins, and their close derivatives) Inn-e been 
observed to utilize CO 2 . These investigations have been greatly ahlcd by the 
use of isotopes — heavy carbon, C'■^ and radioactive carbon, C” — as tracers. 

The literature, adequately re\’iewed-‘’, indicates three paths of investiga- 
tion. First is the fixation of CO 2 in iiroa formation by the liver. This was 
demonstrated by Krebs"® in 1932, confirmed by Rittenl)crg-"b using and 
Evans“22^ using 

Second is the utilization of CO 2 in heterotrophic bacteria, discovered l)y 
Wood and Werkman^-^ in 1935 and adequately confirmed--** on propionic acid 
bacteria. 

Third, Evans and Slotin--^ discovered and Wood and Workman--® con- 
firmed the utilization of CO 2 by pigeon-liver tissue; the latter showed that the 
CO 2 carbon appeared in the a-ketoglutaric acid and other acids^2^ Wood 
and Werkman22® proposed the foHowing equation to represent the assimila- 
tion of tagged C into succinic acid {if such occurs), indicating that the carbon 
is fixed in the -carbonyl group adjacent to the methylene. 

C»02 -f- CH 3 COCOOH ^ C’OOHCHsCOCOOH C’OOHCIIiCHzCOOH -H HjO 


It appears that CO 2 may also be utilized by intact higher animals. C'‘02 
was administered in the form of NaHC’Os and the C“ was found in the newly 
formed liver glycogen**®. 

““Winogradsky, S., Ann. hisl. Pasteur, 4. 21.3 (1890); 6, 92, 577 (1891). 

Van Niel. C. B., Ann. Rev. Biochem., 6, 607-8 (1937). Cori, C. F., and G. T., /d., 
10, 167 (1941). Ball, E. G., Id., 11, 1 (1942). Werkman, C. H., and Wood, H. G., Adv. 
Emymology.2, 135 (1942);j5o1. Rev., 8, 1 (1942). Evans, E. A., Jr., Science, 96,25 (1942). 

““ Krebs, H. A., Z. physiol. Chem., 210, 33 (1932). 

Rittenberg, D., and Wacbeh, H., Id., 136, 799 (1940). 

Evans, E. A., and Slotin, L., J. Biol. Chem., 136, 805 (1940). 

““Wood, H. G., and Werkman, C. H., J. Bad., 30, 332 (1935); Biochem. 30, 48 
(1936). 

Wood, H. G., and Workman, C. H., J. Biol. Chem., 136, 789 (1940); 139, 365 (1941). 

*“ Evans, E. A., and Slotin, L., J . Biol. Chem., 136, 301 (1940). 

“•Wood, H. G., and Werkman, C. H., Id., 139, 483 (1941); 142 , 31 (1942). 

Evans, E. A., Id., 141, 439 (1941) ; -Sctence.““ 

“» Wood, H. G., and Werkman, C. H., Biochem. J., 30, 48 (1936); 32, 1262 (1938). 

Solomon, A. K., Vennesland, B., Klemperer, F. W., Buchanan, J. M., and Hastings 
A. B., J. Biol. Chem., 140, 171 (1941). Conant, J. B., el al., Id. 137, 557 (1941). 
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In this connection a note may lx; in order concerning the photosynthetic 
assimilation of ('()•>. Photosynthesis appears-^" to occur in hvo stages, (1) 
CO 2 fixation and (2) utilization of radiant energy for activating the fixation 
lirocess. The first step appears to occur (hut perhaps not in similar manner) 
in both autotrophs and hetmotrophs hut, of course, not the utilization of 

radiant ('iiergy in heterotroiihs. 

In photosynthesis, II 2 O is the Il-donor and (’Oj is the Il-acceptor. As the 
potential difference between the two is 1.2 to 1.3 volts"-^', “the wrong side” by 
about 50 C'al iier eiiuii-alent, it follows that at, least 50 Cal per equivalent, or 
about 070 Cal (50 x 0) per mol hexos(>, is expended for the formation of hexose. 
Chlorophyll is perhaps the hydrogen carrier in the dehydrogenation of H 2 O. 

All the fermentation and oxidation processes, such as: 

glycogen > glucose > triose — » glyceraldeliyde * pyruvic acid * lactic acid 

and so on, arc, of course, based on previous syntheses. The study of the 
synthesis, experimental and theoretic (thermodynamic), is in the initial stage, 
although there is an immen.se literature on the subject, for hetcrotrophs“^ 

as well as for autotroiihs. 

It may be appropriate to mention an illustration of the reversal of the de- 
carboxylation catalyzed by vitamin B,, or rather by thiamine pyrophosphate 
or cocarboxylase. The decarboxylation reaction cited was 

CIIrCO COOH CH3 CIIO A- CO2 


pyruvic acid 


acetaldehyde 


Now it is believed that thiamine pyrophosphate similarly catalyzes the 
reverse process in heterotrophs, namely cafboxylation^^-^h The process is 
assumed to be associated with various theoretical “cycles” sponsored by 
different investigators as, for example, the “citric acid cycle”^’* or the “suc- 
cinic acid cyclc”-^®, all beginning with a carboxylation reaction, usually 
carboxylation of pyruvic acid, under the influence of various catalysts, of 

which carboxylase is one. 

There is a great deal of discussion in the literature concerning another type 

of synthesis, namely that of glycogen from lactic acid. 

Though the idea has not generally been accepted'^”, Meyerhof^’® suggested 
that about 25 per cent of the lactic acid formed dui'ing intense muscular work 

230 Ruben, S., el al, J. Am. Chem. Soc., 62, 3443, 3450, 3451 (1940), Science, 90, 570 

Kiel, C. B., Cold Spring Harbor Symposia on Quantitalive Biology, 3, 138 
(1935) ; Ann. Rev. Biochem., 6, 607-8 (1937). 

oooWood^H! C-'h., Biochem. J., 32, 1262 (1938); 34, 7 (1940). 

234 Krebs, H. A., and Eggleston, L. V., Id., 34, M2, 460, 1234, 13^ (1940). 

235 Krebs. H. A., and Johnson, W. A., Enzymologia, 4 , 148 (19£). 

230 Laki K Straub, F. B., and Szent-Gyoryi, A., Z. pkystol. Chem., 247, 1 (1937). 

232 Margaria, Edwards, and Dill,^ Sacks and Sacks”. „ 

238 Meyerhof, 0., Arch. Ges. Physiol., 186 , 11 (1920). Hill, A. V., Physiol. Rev., , 

329 (1922). 
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is complcU'ly oxidizoil durinj;' tlio, mh-dvcmv iH'iiod, .‘uul tlio ('tiiM-gy lliorefruni 
com erts the remaining to per cent of the lactic acid In glucose or glycogen. 
The synthesis ot glucose Irom lactic acid in muscle, and especially in the liver, 
was demonstrated long ago-’’. .\s in the glycolysis of glucose to lactic acid 
so in the revei'Se process, the first stage is phosphorylation, and the first 
product is phosphorpyrin'ic acid formed from lactic acid’’’. 

In addition to Meyerhof’s theory’-** of the synthesis of glucose from lactic 
acid, othei-s have been suggested’*’. Tentative data and theories are also 
available’*’ on the formation of triose from phosphoglyceric acid, glucose 
from triose, and glycogen from glucose. Similarly, tentative data and theo- 
ries are available for reducti\ e amination processes, that is, synthesis of amino 
acids from intermediate carbohydrate-metabolism products’**, as for the 
oxidative deamination processes (Sect. 20.7). 

The reaction 


CHj-CHNH-COOH CH. CO-COOH -)- NH+ + 2II-* -f 2e 
(alanme) (pyruvic acid) 

is reversible^-*^ Thus glycolysis (in the presence of ammonia) may thus yield 
alanine instead of lactic acid. 

6.6: Summary and appendix. A brief discussion is i)resentetl of some of 
the mechanisms of biologic oxidation or dissimilation or catabolism, and of 
synthesis or assimilation or anabolism. Some of the water-soluble vitamin arc 
involved in all biologic oxidation, ranging from bacteria to man ; the fat-solu- 
ble vitamins, on the other hand, appear to be involved in special processes 
found only in higher animals. 

Biologic oxidation is a stepwise process involving many intermediate steps 
aftd catalysts, as indicated diagrammatic-ally: 


glucose hexose phosphate — > intermediate compounds -♦ H 2 O -{- COj 


phosphorylation 
catalysts and 
donors, such as 
phosphorylases 
and adenylic 
pyrophosphate 


pyridinoprotein enzymes carboxylase and 
flavoprotein enzymes cocarboxylase 

iron-porphyrin enzymes (vitamin Bi) 

cytochromes 

cytochromes oxidases, etc., 
involving vitamins and 
inorganic groups. 


The oxidation consists in elaborate, stepwise, transfer of electrons from the 
electron donors (substrates) to electron acceptors. The ultimate electron 

*”Embden, G., el al.j Z. Physiol. CAem., 88, 210 (1013). Meyerhof, 0., Arch. ges. 
Physiol., 102, 284 (1920). Lundsgaard, E., el al., Skand. Arch. Physiol., 73, 296 (1936). 
”®Ferdman. D. L., and Epstein, S. F., Science, 91, 365 (1940). 

Meyerhof, O., el aX., Biochem., Z., 297, 113 (1938). Green, D. E., Needham, D, M., 

and.Dewan, J., 7. BiocAcm. 31, 2327 (1937). ^ r r, 1 rr. 

*** Kluyver, A, J., Arch. MikrobioL, 2, 245 (1931). Conant, J . B., and Tongberg, C. 0., 
J* Biol, Chem., 88, 701 (1930). Hastings, A. B., et at., Science, 91, 421 (1940). 

See Kalckar’s review, 1941“. 

Adler, E., el ctl., Biochem. J 33, 1028 (1939). 

Wurmser, R., Compl. Rend. Soc. Biol., 128, 133 (1938). 
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acceptor iii aerobic oxidation is atmospheric oxygen; but in fermentation 
the acceptor may bo formed by the electron donor. A central feature of 
biologic oxidations is that they are coupled with phosphorylation of the 
carbonyl groups of the substrate, forming various intermediate phosphate 







Tlie following is a list of definitions of the vitamins, minerals, and their 
asso(*iated enzymes. The nutritional aspects of vitamins are discussed in 
Sections 20.5 and 20.6. See Section 7.8.3 for vitamins and hormones in 

green plants. 


L B vitamins or bios 

1. Thiamine^ vitamin Bi, antineuritic factor: Eijkman 1893, Funk 1911; crystallized 
by Jansen Donath, 1026; C.^HnON^SCl -HCl (Windaus 1931) ; a thiazole pyrimidine 
synthesizod by Williams, 1936. It exists in the organism in the free form and as 
component of carboxylase and of cocarboxylase, a thiamine phosphoric ester (Loh- 
mann and Schuster 1937) catalyzing the decarboxylation of pyruvic acid to acetalde- 
hyde and COi and also, carboxylation in the assimilation of CO2. 

2. Riboflavinylaciojlaviny vitamin B2: CiTlbO.lS^Oe, {Kuhn, etal., 1934); an isoalloxa- 
ziiie (Kuhn & Karrcr, 1935), containing a pyrimidine ring. Exists as; (A) free 
riboflavin; (B) “coenzyme”: (a) riboflavin-phosphate mono-nucleotide and (b) 
riboflavin-ndenine-dinuclcotide; (C) flavoprotcin, which is the “coenzyme in 
combination with protein. The free riboflavin is available to animals after phos- 
phorylation. Milk contains the riboflavin mostly in the free and coenzyme forms, 
wliere it is called lactoflavin (Laki, 1933) and cyloflave (Banga and Szent-Gyorgyi, 


1932). But egg, liver, yeast, young vegetation, and all rapidly-growing thinp are 
rich in it. The blue B, pyacyaneous color, which disappears on removal of air, in- 
dicates its reversible hydrogen-donating and accepting (carrier) functions. The 
riboflavin protein enzymes (hydrogen carriers) are exemplified by the “yellow 
enzyme” of Warburg and Christian, 1932, a mononucleotide; d-amino oxidase and 
diamine oxidase, dinucleotides; the diphorases, dinucleotides; xanthin oxidase, 
glucose oxidase, cytoclirome-c reductase, mononucleotides, and so on. 

While the most conspicuous symptom of thiamine deficiency is nerve disease, that 
of riboflavin deficiency is skin (including eye, hair — alopecia , etc.) disease, 
resembling vitamin A deficiency, leading to visual disturbance (often cataract, 
corneal opacity or keratitis) pellagra-like dermatitis, cheilosis (see under pyri- 
doxine), scaly desquamation, inflammation of tongue, and so on. However, ribo- 
flavin deficiency also results in serious neuropathologic conditions'^®. 

3. Nicotinic acid, nicotinamide, niacin, PP (pellagra-preventing), CbHsOjN or 
CfiHaONs, pyridine-3-carboxylic acid; found in rice polishings by Funk (1912), who 
also thought that pellagra is a nutritional disease, but he did not connect nicotinic 
acid deficiency with pellagra. This was done a quarter century later (1937-8) by 
Elvchjem, et al., for blacktongue in dogs and by Lepkowsky, Jukes, et al., on man. 

This vitamin exists in the form of two coenzymes (or coferments, or cozymases, or 
codehydrogenases, or coreductases), coenzyme I, diphophosphopyridine nucleotide, 
and coenzyme II, triphosphopyridine nucleotide (Warburg and Christian, 1935). 
As for riboflavin coenzymes, the nicotinamide enzymes may exist in combination 
with proteins; and as riboflavin enzymes, the nicotinamide enzymes are hydrogen 
carriers. In fact the hydrogen or electron is passed from the pyridine enzymes to 


2*6 Shaw, J. H., and Phillips, P. H., J . Nut,, 22, 345 r» , oa 

2” G, after J. Goldberger, the pioneer investigator. See Public Heallfi Heports, oU, 

3117 (1915), and many papers thereafter. 
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the flavin enzymes. Coenzyino I catalyzes tlie equilibria, lactate pyruvate, B- 
hydroxybutyrate ^ acetoacetate, alcoliol aoetaklcliyde, and so on; coonzyine 
II catalyzes the equilibria, citrate a-keto-glutaratc, K'ueose-fi-phosphate 
6-phospho-gluconate, and so on. 

The clinical symptoms are typical skin afflictions, mental confusion, and di- 
arrhea. 

4. Pyridorine, vitamin Be, CsHuOjN (Kuhn, 1938): a pyridine coinpound (l-mcthyl- 
2-hydroxy-3-4-dihydro.\y methyl pyridine, Kuhn and others, 1939), apparently 
exists in the body in the form of pyridoxine-protein. The symptoms of pyridox- 
ine deficiency in the rat, is a dermatitis or acrodynia. similar to pellagra in man 
or blacktongue in dogs; also hypochromic anemia. Goldbcrger and Lillie, 1926, 
designated rat acrodynia factor; Chick, 1930, called it the Y factor; Richardson 
and Hogan, 1936, called it vitamin II; Lepkowsky, 1936, called it the I factor; Gyorgy, 
1939 called it pyridoxinc and vitamin Be, which name has been generally adopted. 
Pyridoxine appears to cure “cheilosis”, formerly believed to be due to ariboflavino- 
sis. Pyridoxine and nicotinic acid appear to be related functionally as well as 

Both thiamine and pyridoxine are involved in the synthesis of fat from prote^ 
5. Pantothenic acid, C.HnOeN, [the commercially available salt is Ca Cdl.^KO^ld 
a dimethyl butyryl amide (R. J. Williams ct «L. 1939) : an antidermatit.s actor for 
chicks (many workers, especially Jukes, 1939, and Llvchjem et al., 1939), growth 

6 BS^lMnfvme R anti-avidiii, or anti-egg-white injury factor, antiperosis factor 
vi^^mi; H o cTorgy^ol^ and named by Kogl, 1935, C.oH.OjN.S, a urea-thienyl 
valeric acid compound (du Vigneaud, Gyorgy, af., 1940-2): Biotin deficiency in 
rats is recognized by the “spectacle eye” syndrome, and dermatitis in chicks, and 

other lesions. , . ^ .eiohexane (Eastcott, 1928), a carbohydrate deriva- 

■ tr>e. It is an antialopecia factor (Woolley, 1940), very widely distributed. It is a 

lipotropic factor ^ ^^"t^acliromatricia factor for black rats (Ansbacher, 

8. p-Aminobenzotc acid, C7H7U2iM, annaemoi 

1941): very widely distributed in jt, essential com- 

9. Choline, lipotropic actor es 3 ’^ethyl groups. The amino acid methionine, 

sr s^cH r” “-'".'“i;' 

CH 3 -S-(CH 2)2 V Deficiency of the methyl grouping leads 

fo'“LuyTive'rs”, cilrLsis of the liver, hemorrhagic kidney degeneration, disturb- 
ance of lactation and B-Jomp?ex family'! "nd some have been 

10. Many more members are , constitution of these has not yet been worked 

proved to be present , but the c 

out. To avoid vitamin discovered and crystallized 

First IS vitamin Be, or t « „ and associates»‘L It is a dietary essential 

from aqueous l>v®r extract y g Vitamin Be may be identical with a 

for at least the chick, P'S® > ^vjuiams et al. and designated folic acid“»; it may 
spinach concentrate prepared by 



“ «Kchdl, H.’k:,^ E. E., and Williams, R. J., J- Am. Chem. Soc., 63. 2284 (1941). 
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lie idciiticiil with (he norit eliiiite fiiefor of Snc'll ;uiil assochites, wlio called it Lado- 
bacillus c(i!>ri f-rowth factor^'''; il may bo related to the “extrinsie factor” of Minot 
ft A s(‘COiid of t iiese unknowns on which there is an inteiestinjj literature 

is the "'(trass-juice factor”'-”, richly present in youii}: crass, good .silage, and in milk 
of cow.s fed on young grass or good silage, riiere was considerable interest in an 
“anti-gray hair” vitamin first reported on by Morgair” prepared from the “filtrate 
factors”. The “filtrate factor” referred to above is found in water solutions of 
extracts of liver, yeast, rice-bran, and related substances, after removing thiamine, 
riboflavin, and pyridoxine by shaking with fuller’s earth. The “filtrate factor 
residtie contains, among others, pantothenic acid and p-aminobenzoic acid, which 
some claim to be anti-gray liair factors. It ap|)cars, however, that premature 
gravitig of hair may ri'flect an\‘ one of many metabolic disturbances due to the lack 
of any one of the several nutritional factors. To (piote from Adolphus Oreely s 
account of his 1881 Arcfic exiiedition: “When rescued at Cape Sabine my hair was 
entirely white, probably duo to semi-starvation, and darkened again within a year”. 
The mechanism of graying is a fascinating problem at present under investigation. 


II. Ascorbic acid, vitamin C, anti-.scorbutic factor, is water-soluble, but it is not con- 
sidered to be a member of the H-vitamin or bios family. Like higher animals, some 
microorganisms synthesize it, others obtain it from the substrate, and still others 
apparently do not need it at all. 

The conspicuous symptom of vitamin C deficiency, in susceptible animals, is 
scurvy, a disease long known. Its scientific study on the guinea pig as well as on 
man is associated mostly with Holst and Frdlich (1907), with Zilva, who obtained 
vitamin C in pure form and investigated its properties (1918), and with fezent- 
Gyorgyi (1928) and King (1932), wlio recognized the identity of vitamin C wdth an 
oxidation-reduction biocatalyst . Its chemical configuration was determined in 1933 
by several groups of workers. Its empirical formula is CeHgOt and its structural 

formula is variously written as 

CO - COH: COH - CH - CHOH- CHoOH 

0 ^ 


While most animals (primates and guinea pigs excepted) synthesize their own 
ascorbic acid, its rate of synthesis declines with decline of general vitality due to 
poor diet and perhaps advancing age, so that old cattle, for example, benefit by 
ascorbic acid injection. It is a powerful general detoxifying agent, and its ad- 
ministration is helpful during exposure to toxins, disease, and related stresses. 

Cilrin, vitamin P (P stands for permeability and for paprica from wdiich an extract 
was made) was reported by Szent-Gyorgyi*“ as occurring together with vitamin C 


Snell, E. E., and Peterson, W. H., ct al., J ■ Bad., 39, 273, 1940; J. Biol. Chem., 141, 
521 (1941) 

Minot, G. R., Lancd, 1, 361 (1935). Minot and Murphy, W. P., J. Am. Med. Assn., 
87, 470 (1926). Castle, W. B., Harvey Ledures, 30, (1934-5). Castle and Minot, 

“Pathological physiology and clinical description of the anemias. New iork (Oxford 
Press), 1936, Bethel, F. H., el al, “Blood: review of recent literature,” Arch. Int. Med., 

61, 923 (1938); 63, 1190 (1939); 64, 148 ^39). o- , ,, j « 017 noifii 

2“ Hogan, A. G., and Johnson, S. R., Proc. Soc. Exp. Biol. Med., 36, 217 (1936). 

Kohler, G. 6., Elvehjem, C. A., and Hart, E. B., J. NuL, 14, 131 (1937); 16, 445 (1938); 

18, 527 (1939); 20, 459 (1940). . , 

Morgan, A. F., Science, 93, 261, (1941). Morgan, A. F., and Simms, H D. Grey- 
ing of fur and other disturbances due to a vitamin deficiency, J. Niit.y 19, 233 (1940;. 
“Anti-gray hair vitamin deficiency in the silver fox,” /d., 20, 627 (1940). 

“5 Szent-Gydrgy, A., Nature, 138, 27 (1936). St. Ruszndk and Benk6, A., Science, 
94, 25 (1942). 
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and hiwiuK similar functions. It aiipoars to bo a Oi)in[>v)non( of a byilrojj:tMi trans[iort, 
or of oxidoroiliu'tion svstom*^^ 


III. Fat-soluble vitamins 

1. Vifamfn . 1 , antixeroplithalmio factor, is a dorivalivo of carotene, C^oIUe (Willsbitter, 
1906). The oonstitulii)n of vitamin A was ostablisluvl l>y Karror, Kuhn and ZciAx- 
meister in 1931, and Kuhn, llolinos. and others syntliosi/ed it in 1937. 

The provitnmiu-A nature of carotene ami related substance wa.s demonstrated 
nutritionallv bv Stecidutck. I91tl. The relation l>etween the two is now believed 
to bo: 

.V carol • » 

1 (i-carotene + 2H2() - nvir"^ “ vitanmi A 

(C«II: 6 ) (CsoHsoO) 

However, the pliysiologic ellicieiiey of tliis conversion is perliaps below 50 per cent, 

depending on species and other conditions. 

The empirical formula of vitamin A is C-oIHoO. The struetural formula of vitamin 

A (half molecule of B-carotene) is: 


CHs CH 3 

C 

H,C C-CH:CH 


CH 


CH, 


C:CH-CH:CHC:CHCHOH 


HjC C 

\/ 

CII 3 


CH 


Karrer received the 1937 Nobel Prize in chemistry for this elucidation. 

Vitamin A deficiency lends to many disorders, of which visual and structural 
disturbances of the eye and infiammation and injury of epithelial tissues are the most 

2. VitcLin D, antirachitic factor, was recognized to ^ distinct from vitamin A by 
Mellanby and by McCollum (1919-22). Of ten-odd D vitamins, only two are prac- 
tically important, namely D 3 (C^^H^O), a 7 -dehydrocholesterol activated by ultra- 
violet light, and stored in the liver and skin; and D 3 (C.H^O , similarly activated 
(plant) erg;sterol, known as calciferol and viosteroh The activation of ergosterol 
and cholesterol by ultraviolet light was demonstrated simultaneously by Steenbock 
and by Hess (1925). This, of course, elucidates the old observation concerning the 
benefiLl effect of light on rickets. Vitamin D is produced not by the organism, 
but by the action of light on the cholesterol or ergosterol, which are the provitamins. 

“wi“ilolftl“ytd, and synthesized 7-dehydrocholesterol from cholesterol 

^^S^most characteristic syndrome of vitamin D deficiency is softening of the 
bones, with resulting bow legs, knock knees, pigeon breast, skull-shape abnormali- 
ties, and so on. This condition of bone softness in the young is called rickets, and 

in the old osteomalacia. « q Jb mainly known for its effects on reproduction, 
i. u f Tiif intftrv Hence the designation for the compounds having 

C. A., uid Webb, h. J., Seitnee, 96, 302 (ie<2). 
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rioncy symptoms in the male rat is degeneration of the germinal cells of the testes 
and tluToforc. interf(*reiire witli spermatogenesis*, in the female rat, interference 
with placental function, leading to death and resorption of the embryo (Mattill 
and Conklin, 1920; Evans and Ihshop, 1022), hence the designation “resorptive steril- 
ity”. Many other symptoms have been reported, especially muscular dystrophy 
(Evans and Burr, 102S; Goettsch and Pappenheimer. 1930) in rats, rabbits and 
guinea pigs and ence|)halomalacia and exudative diathesis in chicks. Evans and 
Burr (1022) recognized the presence of this vitamin (which they called X). Goats 
do not need vitamin E. Fernholz worked out its chemical configuration (1937), 
and Karrcr and several other groups synthesized it (1938). , 


4. Vitamn K, an antihemorrhagic factor by virtue of the fact that it is the proenzyme 
of prothrombin which catalyzes the formation of fibrin (in blood clotting) from 
fibrinogen. Hence, deficiency of vitamin K (often due to obstructive jaundice, 
biliary fistula, sprue, colitis, liver diseases, etc.) is a frequent cause of intestinal 
bleeding. The presence of such antihemorrhagic factor was discovered by Dam 
(1930-4). Doisy et al. isolated and synthesized it, as did others (Fieser, Almquist, 
Ansbacher and Fernholz). There are several vitamin K substances of which Ki 
(CsiIEeOi), a 2-methyl-3-phytyl-l,4-naphthaqiiinone, and K 2 (C4iH6602), a 2-methyl- 
3-difornesyM,4-naphthaquinonc, are the best known. 

5. Fatty acida’^T The essential (unsaturated) fatty acids, formerly designated as 
“vitamin F”, function primarily as “building stones”, like methionine, previously 
discussed. Their deficiency produces certain effects similar to vitamin deficiency. 

The three major essential fatty acids are: 


CHjCHnCH : CHCH.CH : CHCH.CH : CH (CH2)7COOH (linolenic) 
CH3(Cn2)4CTI:CHCil2CH:CH(CIl2)7COOH (linoleic) 

Cn3(CH2)4CH:CIICIl2CH:CIICH2CH:CHCH2CH:CII(CH2)3COOH 

(arachidonic) 

Exclusion of these fatty acids leads, in the rat, to (1) scaly skin and caudal necro- 
sis; (2) growth retardation; (3) kidney lesions; (4) poor reproductive performance; 
(5) high water consumption and high Il.Q. The kidney lesions are the most reliable 
deficiency symptoms. Usually the higher the fat consumption the higher the need 
for the unsalurated acids, as unsaturated fatty acids (linoleic acid) are synthesized 
to some extent from carbohydrate. Certain eczemas in humans are said to be asso- 
ciated with unsalurated fatty acid deficiency*^*. 

It was previously noted*^^ (Sect. 6.4) that fat has a sparing action on pyridoxine 
and perhaps on several other vitamins. Corn oil is most effective followed by 
linseed oil, but not cod liver oil. Corn oil (and presumably others rich in 
unsaturated acids) is lipotropic, reducing liver fat“E 


IV. Mineral groups in oxidoreductions 

The phosphate group occupies a central position in catabolic and anabolic 
processes. Many reactions formerly attributed to or explained by hydrolysis are 
currently elucidated more rationally (thermodynamically) by phosphorylation. 
The phosphate group is also a component of many enzymes, as of carboxylase, which 
is a diphosphothiamine-magnesium protein. 

Iron is a component of many hemin catalysts, such as of hemoglobin, cytochrome, 

catalase. 

The manganese ion activates many reactions, anabolic and catabolic. The Mg, 
' Mn and Co ions may be interchangeable in some processes. 


Burr, G. 0., Federation Proceedings, 1, 224 (1942). 
268 Hansen, A. E., A7«. J. Dis, Child, , 63, 933 (1937). 
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Magnesium is a ooiui'oiioiit of ctiloropliyll (as iron is of lioiuofiiloliiii) and of somo 
oxidation catalysts, as of carlioxylasc ts('c nnd<'r pliosidi.itc). 

Zinc is a constituent of carhonic anliydiasc. 

Copper catalyzes iron utilization for licmosiiloliin, and it is a coiu))oncnt of many 
oxidases (polyphenol oxidase, nionoplienol oxidase, l.ieease, aseorhie acid oxidas(') 
also of henu>eyanin, an analoiiue of luuuoj^lol.iin in arthro])od and luollusk blood. 
Cohalt may serve some similar purpose in ruminants. 

Calcium a|i|iears to he involved in some oxiilase activities. 

Vanadium may he involved in phospholipin oxidation. 

Nitrogen is, of course, a constituent of thiamine, rihoflavin, nicotinamide, lyvri- 
doxine, biotin, pantothenic acid, choline, as well as of the hemins (hemoglobin, 

chloroiihyll, cytochromes, etc.!. 

Sulfur is a constituent of thiamine, biotin, and glutathione . 

In addition to the oxidoreduetion processes, many inorganic groups are involved 
in other types of catalysis, in such physicochemical functions as osmotic lucssurc, 

and for structural purposes. 

V. General definitions 

Oxidation and reduction: loss and gain of electrons or loss and gain of protons. 
It is generally accepted that biologic oxidoreductions arc stepwise processes; by 
enzymatic elect ron-transfer svstems, the ultimate electron (and hydrogen) acceptor 
in aerobic oxidation is atmospheric oxygen, forming 11^0; in anaerobic oxidation 
(fermentation glycolysis, internal oxidoreduetion) the electron acceptor is formed 
by the clectrmi donor. The metabolites undergoing oxidation are the electron 
(and hydrogen) donors. The conspicuous catalysts in anaerobic oxidation are pyri- 
dine and thiazole enzymes; in aerobic oxidation, also alloxazinc and hemin catalysts. 

Oxygen debt- anaerobic oxidation in higher animals during intense muscular work 
when the oxygen supply is inadequate, and intermediate metabolic products ac- 
cumulate. Recovery occurs when the oxygen supply becomes adequate, and the 

intermediate products arc oxidized. . , , , , • . . .-.u 

Oxidation-reduction potential: the electric potential of an element in contact with a 

solution of its ions at unit activity, referred to that of hydrogen (under standard 

conditions) as zero. , . . . i i i i / 

Oxidation-reduction indicator: a substance existing in oxnhzed and reduced form 

and changing color with change in the 0-R potential. i • fl 

Phosphorylation: combinatiori of metabolite wi h phospha e, under the influence 
of certL catalysts (see glycolysis), especially adenyl pyrophosphate, which is the 
phosphate “carrier”. Adenyl pyrophosphate is composed of one adenylic acid, 
and two phosphate groups which are “donated” to the meUbolite thus : 

glucose -1- adenyl pyrophosphate -> hexose diphosphate -t- adenylic acid. 
Adenylic acid is involved in alcohol formation from hexose d^hospha e thus: 
phosphoric ester -b adenylic acid adenyl pyrophosphate + alcohol -f- CO . 

POOhV Sulfhydryl is the SH in the cysteinyl group. There is an 

(CHjSH'CHNHz-COOH). b Y glutathione, which may be summarized, from the 
immense literature on the function ot giuiatnione, >vi u , 

oxidoreduetion viewpoint, by the equation. 

— GSSG -h BHi 


2GSH + B 

(glutathione sulfhydrylt 
reduced) 


(glutathione disulfide, 
oxidized) 


rp 1 1 f ow /written GSH) are oxidized to one of — S— S— (written GSSG). 

Thisr^vSible: g^Sithione rSuces ascorbic acid (after oxidation by ascorbic oxi- 

daae), thus serving as an electron earner. 


t 
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Most electron donors (metabolities) must be phosphorylated as the preliminary 
step; for phosphorylation and oxidation are indeed coupled reactions. A possible 
example of phospliorylatioii (Kalckar), forming phosphate-ester bonds, the source 

of anaerobic energy (Lipniann): 


COOII 

1 

HCOII 

lICHj 
lactic acid 


-2H _ 

+ phosphate 


coon 0 


I / 

C— 0— p— on 




Glycolysis: conversion of carbohydrate to lactate by a series of catalysts, as 
phosphorylasc, phosphatase, aldalase, enolase, dehydrogenase, adenyl pyrophos- 
phate, Mg"'”'’, Mn'*'^, and others. This, as other intermediary processes, may be 
blocked (Luiidsgaard, Krebs) in any of its stages by various “poisons”, such as iodo- 
acetate, fluoride, heavy metal, and by certain enzymes as by amylase [Case and 
McCullagh, Riochem. J., 22, 1060 (1028); Ronzoni, Proc. Soc. Exp. Biol. Med., 

26,178(1928-8)1. . 

Glycogcnolysis: conversion of glycogen to glucose; glycogencsis: conversion of 

glucose to glycogen. 

Gluconcogenesis: formation of glucose from protein or fat. 

Oxidase: enzyme which “activates” oxygen (Warburg). 

Dehydrogenase: enzyme which “activates” hydrogen (Wieland-Thunberg). 
Carrier: “accepts” hydrogen and is thereby reduced, and then “donates” it to 
another acceptor and is thereby oxidized. “Carriers” arc thus reversibly reduced 


and oxidized. 

Dehydrogenation: is the catalytic transfer of hydrogen (by a “carrier enzyme). 
Example: Methylene blue is reversibly reduced (to colorless) by hydrogen and 

oxidized (to blue) by oxygen, thus transferring H from donator 

(metabolite) to oxygen (Thunberg). 


Example: dR-CHOH-COOH CH^CHO-COOH -f 2H 

Proenzyme, prosthetic group: a iirecursor of an enzyme, formed near the place of the 
enzyme action; the active part of an enzyme. Thiamine may be considered as pro- 
enzyme or prosthetic group of cocarboxylase (diphosphothiamin protein); nicotmic 
acid of coenzyme I (diphosphopyridine nucleotide or simply pyridine protein), 
riboflavin of yellow enzyme (flavin-adenine-nucleotide); carotene of vitamin A; 
vitamin A of visual protein; vitamin K of prothrombin; cholesterol and ergosterol 
of vitamin D; iron of iron protoporphyrin or hemin, as of hemoglobin and cyto- 
chrome; copper of hemocyanin and of certain oxidases. Similarly iodine may e 
considered as a prosthetic group of thyroxine, and thyroxine a prosthetic group of 

thyroglobulin. , , , , • i i- 

Metabolism: the sum total of the chemical changes m the body, including the 

building up (anabolic, assimilation) and the breaking down (catabolism, dissimila- 
tion) processes. , , • u 

Vitamin applications (Ch. 20): (1) understanding biologic oxidoreduction mecha- 
nisms; (2) effect on more complete utilization of feed or food for productive purposes, 
(3) “detoxifying effects” of some of the water-soluble vitamins under certain con- 
ditions on, for example, gold, lead, sulfa drugs, alcohol, thyroxine, some bacterial 
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toxins, pyruvic, lactic, and acetoacctic acids, histamine fas in l»ay fever). It is 
probable that some cortical-adrenal hormones Inwe similar cfTocts. Unlike thyrox- 
ine, excess intake of the water-soluble oxidation-reduction vitamins is api)arently 
harmless*^®, as it is easily excreted through tlie kidney and sweat glands. Less is 
known about the effects of excessive and vitamins D and A and some other fat-soIuble 
vitamins. 

Quantitative estimation of the need for each of the several vitamins and related 
factors is confused by their sparing, synergistic, supplementary and antagonistic inter- 
relations. For instance-^®, vitamin F (tocopherols and also toco(iuiiuinos) retard oxi- 
dation of vitamin and carotene; hence the amount of vitatnin A or carotene needed 
is reduced by the presence of vitamin E and conversely, deficiency of vitamin E may 
result in deficiency of vitamin .\. Vitamin E is thus said to liavc a “covitamin A” 
activity*®®. Tlien, too, some nutrients may actually replace olliers, serving tlic same 
nutritional purpose, acting as “isotels”-®^ (iso, the same; trios, purpose). For iiistance, 
nicotinamide and nicotinic acid arc "isotelic’^; they serve the same purpose in nutrition. 
Pantothenic acid and beta-alaninc are “isotelic” in yeast nutrition. Choline and meth- 
ionine may replace each other in that both furnish metliyl groups, and these are also 
interrelated with pyridoxine, inositol, essential fatly aciils and essential amino acids 
in their lipotropic action-®-. Thiamine appears to he essential for the production of 
ascorbic acid in dogs-®^ and vitamin A is necessary for the production of ascorbic acid 
in cattle**^. Avidin, biotin, and ^Jic bacteriostatic substance “lysozone" of Fleming and 
Allison^®^ appear to be interrelated^®®, (Biotin may be the “active’* principle of lyso- 
zone and the avidin acts as “binder” in the “enzyme” system.) 


“®Molitor, H., Federation Proceedings, 1, 309 (1942). 

Hickman, K. C. D., el oL, J. Biol. Chem., 162, 303, 313, 321 (1944). Davies, A. W., 
and Moore, T., Nature. 147, 794 (1941). 

Williams, R. J., Science, 98, 386 (1943). 

Beveridge, J. M. R., Id., 99. 539 (1944) ; /. Biol. Chem., 164, 9 (1944). 

Govier, W. M., and Greig, AI. E., Science, 98, 216 (1943). 

Thompson, R., Arch. Path., 30, 1096 (1940). 

Meyer, K.j and Laurence, W. L., Science, 99, 391 (1944). 
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Chapter 7 

Metabolic Catalysts in the Efficiency Complex: Hormones 


It is the avowed purpose of scientific thought to reduce the number of 

mysteries, and its success has been marvelous. J . //. Robinson. 

^ * 

7.1: Orientation. As previously explained (C'h. 0) there is no sharp divid- 
ing line between vitamins, i.c., exogenous catalysis taken with the food, and 
hormones or enzymes, i.c. endogenous catalysis produced within the body. 
Thus, ascorbic acid is an exogenous catalyst— a \ itamin— in man, monkey, 
and guinea pig, and an endogenous catalyst in other species examined, in- 
cluding the chick embryo (thus cxcliuling possy)lc vitamin C production by 
intestinal flora). Likewise, the rat is independent of dietary biotin, folic 
acid, nicotinic acid, and vitamin K which some other species must obtain 

from food'. 

Clearly, only such substances can be vitamins as are not digested during 
their passage through the digestive tract and are composed of sufficiently 
small molecules to be readily absorbed from the digestive tract into the blood. 
The hormones, on the other hand, need not be so stable nor the molecules so 
small. The body may have evolved mechanisms for producing internally 
such catalysts as could not pass through the digestive tract, such as insulin, 
or which could not reliably be obtained from food, as can ascorbic acid in 
temperate climate (Ch. 0). The peculiarity of some hormones of being de- 
stroyed in the digestive tract was not fully appreciated in early investigations. 
Thus about 1914 Robertson, Professor of Biochemistry at the University of 
California, formulated an apparently correct theory of anterior-pituitary 
hormone function in growtlP, but he attempted to prove it by feeding pitui- 
tary. Evans, Professor of Anatomy at the same institution, hdwever, in- 
jected the pituitary substance, with the well-kno\vn results to be discussed 

presently. 

The endocrine glands are very small bodies (for detailed weights see Ch. 17). Re- 
membering that 1 ounce is about 28.3 grams or 1 gram is 1/28.3 ounce, the pituitary in 



1 "Synthetic diets” which support growth and reproduction in the rat do not permit 
survival in the monkey or guinea pig even if vitamin C and the other available vitamins 
are added. Waisman, H. A., Rasmussen, A. F., Jr.j Elvehjem, C. A., and Clark, P. J., 

26, 205 (1943). * r 

2 Robertson, T. B., "Principles of biochemistry,” 1919, and “Biochemical basis of 

growth and senescence”, Philadelphia, 1922. See, however, Robertson, J. BioL thetn.j 
24 , 385 (1916). 
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70-kg animals (woipht of an avoragi' man or slK'niif wciclis only alnnit O.G g, which is 
about O.lXXtS I'cr cent of the total l>o<lv weight, l.ihi'wise in mature 7l)-kg animals the 
thyroids, one on eaeli side of the trachea, weigh al)out C.') g, which is aliout O.OOi) per 
cent of the body w eight ; the paratliyroids, usually four glands imhediled in tin' thyroids, 
weigh together in mature 70-kg animals about 0.2 g; the adrenals or suprarenals, situated 
above the kidneys, weigh about S g; the gonads, ovaries and testes weigh in mature 
man about 10 and 25 g, respectively. 

Most glands produce more than one hormone and some have more than ot>c anatomic 
part. Thus the adrenals or suprarenals have a medullary (centrall part producing 
adrenaline and a cortical (shell) part producing adrenocortical hormones. The pituitary, 
or hypophysis, has a posterior lobe producing iiituitrin (pitressin and [>itossin or oxy- 
tocin) and an anterior lobe producing especially gland activators or, as they are called, 
trophic or tropic’ hormones, wherewith it controls many other endocrine glands, espe- 
cially the adrenals, thyroids, and gonads. Thus the anterior pituitary controls the 
gonads by gonadotropic hormones, or gonadotropins. T.he gonadotiopins stimulate 
the gonads (ovaries and testes) to produce sex hormones (estrogen, progesterone, 
androgen). The familiar sex processes are thins contiolled directK by the sex hoimones 
and indirectly by the anterior-pituitary gonadotiopins. 

Hormones are said to dilfer from vitamins and enzymes by their endocrine- 
gland origin. But hormones are not always produced liy specialized endo- 
crine glands as usually understood, d'hus following the early period of 
gestation, the sex hormone progesterone is produced mostly by the placenta', 
which is not thought of as an endocrine, rather than byMhe corpus luteum, 
the ovarian progesterone-producing endociine gland. Gonadotiopins, noi- 
mally produced by the pituitary gland, are produced in great quantities by 
the placenta (chorionic and equine gonadotropins) dining gestation^. In- 
deed, the Ascheini-Zondek pregnancy test® is based on the excretion of cho- 
rionic gonadotropins in the urine ; and these placental or chorionic gonado- 
tropins like the pituitary gonadotropins, function therapeutically in hypo- 
genitalism, cryptorchidism, and in growth accelerationh It appears that 
during gestation many pituitary functions arc taken over by the placenta®. 
Moreover nerve endings, not thought of as endocrine glands, liberate such 
hormones’ as acetylcholine® and sympathin, and embryonic tissues produce 
various categories of hormones (organizers, evocators, etc.) 

Some hormones, such as thyroxine may be taken by mouth. Some stende 
(sex) hormones may even be absorbed through skin'«, especially mucous 

n \w TPnrinrrinnloau 33, 405 (1943). Corner prefers “trophic”. 

* Venntne G and Browne, S. L., Endocrinology, 21, 722 (1937). Hart, G. H., and 

Cole M.H .Mm. y.Pftj/sm^,109,.320 (1^ GurinS et al Science 92 456 

® C^Jollip, J. B., International Clinics, 4^ 51 (1932). Uurm, b., et at,, Cictence, 40b 

U. J., et al., J. Clin, H. P. Id., 33, 1 (1943). 

• Hartman^C®G.!Proc. Soc.^’ixp Ll. Med., 48, 221 (1941). Newton, W. H.. Physiol. 

N^ch?affl;D., el al., J. Neurophysiol., 4, 348 (1941); 6, 499 (1942); 6, 383, 397 

^^^»^Mo,ore, C. R.. el al., J. Am. Med. Assn., Ill, 11 (1938). 
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membi'anc. Most lionnonos aro, lio\\T\ (>r, proteins of high molecular weight 

whirl) eaiiiiot pass into the Ixxly without digestion. 

Iloi'inones aie also mori' eoinidex than vitamins in that while many vitamin 
i-eaetions may occur in test tubes in the absence of living tissue, hormone 
reactions apiiarently cannot be (li.ssociated from living cells. This explains 
the relative' alaiiulaiice of inlorination on the* anatomic and physiologic aspects 
of endocrinology and scarcity of information on the biochemical mechanisms 
of hormoiK' action. Jtiochemical iirogress has thus far been confined to the 
isolation, identification, estimation, and .synthesis of hormones; little is known 

about the intimate liiochemical hormone mechanisms. 

The catalytic functions of hormones appear to be similar to those of vita- 
mins. dims carbohydrate metaliolism involves the catalytic participation 
of thiamine, rilioflavin, and nicotinic acid (Ch. (i), and it also involves insulin, 
anterior pituitary factors, corticosterone, and adrenaline. In some cases 
there is a known or a guc.ssed functional interrelation between vitainins, 
hormones, and enzymes, as for example, between adrenaline, glutathione, 

ascorbic acid, and cytochrome c. 

The biologic effectiveness is probably of the same order, 1 to millions or 

even to billions", for vitamins and hormones. 

There is another interest ing relation between vitamins, hormones, and some 

other substances illustrated in Fig. 7.1. The sex hormones, the D vitamins, 
adrenal cortex hormones, bile acids, saponins, and some carcinogens are phe- 
nanthrene compounds ; they contain the cyclopentano-phenanthrene nucleus 
(cholesterol nucleus). Many differences, such as those between male and 
female sex hormones, arc very slight, differing only in saturation, in a side 

chain, or even only in the position of a double bond. 

In chemical structure vitamin D is similar to sex hormone, and in function 
it is similar in some respects to parathyroid hormone (regulating calcium 
metabolism). However, sex hormones also participate in calcium and other 

forms of metabolism'b 

An inferred analogy between vitamins and hormones relates to what might 
be called an<f -\dtamin and anti-hormone effects of some substances. It i? 
believed that the sulfa dmgs (sulfanilamide, sulfapyridine, sulfathiazole, 
sulfaguanidine, sulfadiazine, sulfamerazine, sulfasuxidine, succinyl-sulfa- 
thiazole, etc.) owe their anti-bacterial potency to their structural similarity 
to an essential bacterial growth factor, as to p-aminobenzoic acid^’ (Fig. 6.2). 
and thus compete with p-aminobenzoic acid for an enzymatic system involved 
in bacterial growth. There is similar antagonism between sulfapyridine, or 

n Kogl, F., andTonnis. B., Z. Physiol. Chem., 242, 43 (1936) (bmtin 1 to 400 billion). 
Adrenalme is effective in concentrations of 1 to 400 million. The whole human body 

contains less than 20 mg ■ ? d oo iqq 

» Gardner, W. U., and Pfeiffer, C. A,, P/iJ/stoL 23, 139 (1943). 

» Woods! t». D., Bril. J. Exp. Path., 21, 74, (1940). Burton, H., et al., Path. Bact. 
64, 407 (1942) . 
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7-dehydrocholesterol (vitamm ^ ^nd calciferol often used in parathyroid defi- 

ciency), progesterone, typical p f cortical hormones (corticosterone derivatives), 

sulfameraTine, and nicotinic acid'<, both containing a pyridine group. The 

- py^ianrine inactivating thia.ine.h 

(1943). , -^o oQK /’ 1043 )* Proc. Soc. Exp. Biol. Med.^ 52, 106 

(IwT” W?;f " l/a'llTss” Whi«, A.O.C., /. E.,. M.J., ,8. 489 

(1943). 



141 


BIOESERCETICS AM) GROWTH 


It iniiy be cogent to note in this connection that when 2 to 5 per cent sulfur 
is added to a chicken ration, the vitamin D in the cod liver oil therein is no 

longer effective'''. 

'riieiv are similar anti-thyroid drugs'S thiourea and aniline derivatives, 
espc'cially 2 -thiouracil (XHCSMICOCHCH), 2 -thiobarbituric acid, and so 
on; p-aminobenzoic acid (NH 2 CGH 4 COOII), sulfaguanidine, sulfapviidine, 
sulfathiazole, etc., which inhibit thyroxine production, perhaps because of 
their structural similarity to the thyroxine precursor tyrosine and because 
they compete with it for the enzyme system involved in the production of 

thyroxine from diiodotyrosine. 

V 

Tliese facts and tlieoric.s on the similarity of the sulfa anti-vitamin drugs and anti- 
thyroid drugs lead to the thouglit that the hormone-like carcinogens, exogenous and 
endogenous (as methylcholanthrenc, Fig. 7.1) may, perhaps, likewise interfere with the 
normal action of some cellular enzyme system'* and thus change a normal cell to a cancer 
cell. Increasing age is often associated with metabolic abnormalities, especially of the 
sex and adrenal-steride hormones, as judged by increasing age incidence in their dys- 
function. This may, perhaps, explain the mechanism whereby castration prevents and 
alleviates prostate cancer** and, perhaps, cancer of other genital tissues. Similarly, 
ovariectomy reduces cancer incidence**, and estrogen injection increases it.** A spec- 
tacular associative feature of prostatic carcinoma is a high concentration of the enzyme 
acid phosphatase in the blood'*; this declines sharply on castration. Castration per- 
haps eliminates the production of some atyi)ical stcridcs associated with aging, which, 
analogous to the sulfa drugs in relation to p-aminobeiizoic acid or nicotinic acid, inter- 
fere with normal enzyme processes. A similar situation may hold for adrenalectomy , 
as the adrenal cortex produces many sex-like steroids. The apparent necessity of 
pituitary presence for genital-cancer induction substantiates this suggestion of the 
hormonc-like nature of some carcinogens, and of their probable competitive interference 

with normal function. 

The carcinogenic effect on liver of feeding the azo dye “butter yellow”** to rats kept 


>* Holmes, C. E., Poullni Sci., 17, 136 (1938). ^ , 

Mackenzie, J. B., and C. G., and McCollum, E. V., Science^ 94, 518 (1941); Fe . 

Proc., 1, 122 (1942) (sulfaguanidine); Eridocruwlogy, 32, 185 (1943) 
thioureas). Richter, C. P., and Clisby, K. H., Proc. .Soc. Exp. Biol Med iB. m 
(1941) (phenylthiourea), and Arch. Path., 33, 46 (1942). Kennedy, T H., iVature 160, 
233 (1942) (allyltliiourea). Carter, G. S., el al., Nature, 161, 728 (1943) 

AsuUod, E. B., J. Pharm. Exp. Tlier.,lS, 79 (1942) (106 drugs) 122. 78 (1943) ; 
Endocrinology, 32, 210, 509 (1943). Williams, R. H., and Bissell, G. • 

Med., 229, 97 (1943); Seience, 98, 156 (1943). Gordon, A. S., el al.. Nature, 162 , 504 

(1943). Martin, G. J., Arc)!. Bloc., 3, 61 (1943-44). 7,0 no noiii 

For tumor enzymology, see Greenstein, J . I ., J. Nal. Cancer Inst., 3 , 41J (lJ4a). 

>* Huggins, C., and Hodge, C., Cancer Res., 1, 293 (1941); Arch. Surg., 43, 209 (1941). 
Huggins, C., Science, 97 , 504 , 541 (1943); N. Y. Acad. Med., 19, 195 (1943). I^stroejm 
administration is also used instead of castration in prostate hypertrophy. Kanie, 
P. J., et al., J. Urol., 48, 83 (1942), Lane, T. J. D., Lancet, 1, 166 (1943). Neuswanger, 
C. H.. and Vermooten, V., N. Eng. J. Med., 227, 626 (1942). For contrary results, see 

Kretschmer, H. L.,J^.A.Af .A., 123, 755 (1943). 1 T M 

*« Loeb, J., J.A.M.A., 104, 1597 (1935); Am. /. Cancer 30, 47 (1937). ^ J- W-. 

and Bonser, G. M., Nature, 142, 836 (1938). Allen 1 - noaownH 

Geschichter, C. F., et al.. Arch. Path., 33, 334 (1942); J.A.M.A., 119, 885 (194 ) 

references on the following pages. i-re 

« Sasaki, T., and Yoshida, T., Virck. Arch, Path, Anal., 296, 175 (1935). 
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on a riboilavin-low diot was oxplaiiu'd by a similar iiirrliaiiism-v A midalxilic i)n)(luft 
of this dye, such ns n-aminni>heiu>l. inul^ahlv interhaos witli normal eii/vmatir activity, 
which in turn may he coinpensatnl hv aildint: inoiv rihollaviii, ]tivfrral»lv in the form 
of yeast and liver. 

A curious aspect relating to the yeast-liver ant i-cuvnno^vnir action of tiu* dve “hut- 
tcr yellow’* is that the vitamin biotin (anti-avidin factoid lumtrali/.es the protcctivi* 
effect of the yeast or liver; biotin is procarcino^enic under tin* jiivcai eoiulitions-h \\v 
thus have a fascinatingly complex problem involving interrelations between carcinogens, 
hormones, vitamins, atul enzymes bearing on one of the most puzzling medical and 
biological problems — cancer. 

A spectacular type of cancer is one produced in tlie breast of some strains of mice that 
received during suckling a “mammary tumor inciter”-h apparently nueleo-protcin in 
nature. This inciter apparently becomes active only in late life niuler the influence of 
estrogen or carcinogenic provocators*^. Similar tumor iiuatcrs may. of course, be 
absorbed during uterine life. An enzyme-virus theory of carcinogenesis has been 
suggested'®. 

Cancer incidence is a function of (1) tissue susceptibility, (21 level or action fre- 
quency of causative factor, and (3) time of inlluence. 

The time clement^^ is, of course, an important factor in cancer induction. The longer 
one lives, the greater the provocations; the longer the period of exposure, the greater 
the probability of a mishap, especially since increasing ago is associated with increasing 
dysfunction, increasing number and amount of atypical metabolic products, especially 
of sex-hormone origin, and cumulative excitation and trauma by the cyclically acting 
sex hormones. It has, indeed, been demonstrated^* that heavy repetitive estrogen in- 
jection induces genital cancer, especially breast cancer. 


While hormones are named by their most spectacular effects, as “sex hor- 
mones”, all hormones are, in fact, general metabolic hormones; they arc all 
involved in the transformation of energy-matter. Thus the thyroid is in- 
volved not merely in energy metabolism but in virtually every process in the 
body, including mineral metabolism, sex activity, growtli and development, 
and so on. The same is true for every hormone ; they are all interrelated and 
exert wide-spread effects. However, the precise influence of a given endo- 
erme depends on the age of the organism and on the scope of interrelation. 

“ Rhoads, C. P., el al., Science, 93, 308 (1941); Cancer Res., 1, 3 (1941); ^V. Y.Acad. 
Med., 18, 53 (1942). 

“ du Vigneaud, V., Rhoads, C. P., el al.. Science, 96, 174 (1942). 

“ Bittner, J,, J. Cancer Res., 2, 711 (1942); Science, 95, 462 (1942). 

“Gardner, W. U.. Cancer Res., 1, 109 (1941). Rous, Peyton, .f.A.M.A., 122, 573 
(1943). For chemical cancinogens see; Fieser, L. F., “Products related to phenan- 
threne,” Reinhold, 1936; “Cause and growth of cancer”, Univ. Pennsylvania Press, 

1941. Dodds, E. C., Nature, 148, 142 (1941). „ „ „ . „ , 

“ Potter, V. R., Cancer Res., 3, 358 (1943). White, P. R., Science, 98, Supplement, 
p. 10 (1943); especially Smith, J. L., “Growth”, Edinburgh, 1932. 

" Cf., Cramer, W., /.A.il/.A., 119, 309 (1942); Yale J. Biol., 14, 121 (1942). Bittner, 

J. J., et al., Science, 99, 83 (1944). „ , 

“ Gardner. W. U., et al., Proc. Sac. Exp. Biol. Med., 33, 148 (1935). Zuckerman, S., 

Lacquer, E., el al.. Lancet, 2, 1259, 1433 (1936). For review of Edgar Allen’s book, see 
Allen, J.A.M.A., 114, 2107 (1940); Endocrinology, 30, 942 (1942). Lacassagne, A., Am. 
J. Cancer, 37, 414 (1939). Loeb, J.,“ and J. Nat. Cancer Inst., 1, 169 (1940). Auchin- 
closs, H., and Haagensen, C. D., J.A.M.A., 114, 151 (1940); Gcschichter,“ (1942), and 
many others. 
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As ru^artls itu' scope of iiitcrn‘lati(>u. stuiu* iinportaiit (MidoriiiH'S, such as 
the "oiuals, mav tic removed with mueli less et'feel on general metaliolism than 


Fin. 7.2a- Tlie pitudaiy -r hypuplo sis. ils positiui, .iia rehilue > /( i Im to -jO 
loiuid lio^.s (far piliiilaiy weichls, .see ( 'h I7». '• (-'omtesy II D. I.lijali and 

'. \V. Tiiriior, I’niv. Mi.ssoiiii AfP’. Fvp St.i lies. Hull, li-x , K't-. 

ithers, such as tliyioul, adienal, idluilary. 'I'Ik' extirpation of the pituitary 
s particularly serious, throwin-!; out of Ki'ti'' practically all other endocrines 

ind consetiuently all productive process('S. 

The i)iUutarv exerts lh(‘ widest inllueiice hy way ol its troi)ic horinunes^- 
Fiss. 7.2 and 7.3). '1'" illustrate, sex activity is controlled hy the anterior pi- 

uitary fthmd. 'Phe A.I’. ('lahoratcs, amoUK others, two pionadotropic 

lorinones: (1) F.S.ll. (follicle-stimulatinij; hormone), involved in the matura- 
ion of ettfi; or sperm, graafian follicles, and secretion of est ro[!;ens ; (2) L.II. oi 
[.C.S.II. (hiteinizinjr or interstitial cell-stimidatin|>: hormone, the two appear 

:: Eg;: 49 . », , (»u.. 

inid K., Arch. Fath.^ 36, 512 (1943). ,, 

32 Van Dyke. H. H., “The idiysioloRV and phannaeolop of t he ''“‘h ■ 

[iniversily of (’hieaRo Fress, l!):tb-191,|. haiith, 1. xH®’.- '(jmy 

dollip, J. B., Id., 116, 2073 (ItMO). KuRle, F. 1 ., and Levin, L., Id., 116, h (1J41), ana 

many others. 
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Fig. 7.2b — The pituitary or hypophysis, its position and relative size in 175 to 250 
pound hogs (for pituitary weights, see Ch. 17). 
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Fig. 7.2c— The pituitary or hypophysis, its position and relative size in 176 to 250 
pound hogs (for pituitary weights, see Ch. 17). 
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Pig 7.3a— Tlic position of the pituitary in relation to the hormonal configuration. 
Courtesy Dennis T. Mayer, Missouri Agr. Exp. Sta. 

Now, just as the pituitary controls gonadal activity by its gonadotropic 
hormones, so it controls thyroid activity by its thyrotropic hormone, adrenal 
activity by adrenotropic or corticotropic hormone, and so on. Among other 
pituitary tropic hormones believed to exist are parathyrotropic, pancreatropic 

33 Evans, II. M., el al., [■ ndocri nolog y, 27, S03 (HM0); J. dm. Chen, Sor-. 64, 3f>7 (1942), 
Van Dyke, II. B., el al., Id., 30, 650 (1942) (L. II. is uientical with I.C .b.H.), 





(stiiuulntos insulin piiuhuUioiO. ulNCtinupir umil iiiNiilin). (iu- 

croasos snjxar protlurtioiO, kt'tn^i'iiic (arrcli'inh-s t;it nu lalu.lism :nu\ krtunr- 
IhxIv production) Jai'toii't'nii* tpiolactink mainoiicnit* il'iu. M.nialmpic 
(growtlO, and so on. Ilio pirst'oco nl >oint' i>t llii'sc piiintaiv tiDjar Ikh- 
monos, such as tlio pancivatri>|Mc. is ^lill undta iinoiiiiatiun. 

Tlu' anterior pituitary is ihc ctailral nualiatinc: staiinij thmu^li wliii li \aii~ 
ous environmental factors, such as sv^ason fi'li. St, tmul supply it’lis. (> ainl 
20), and psychic stimuli (('h. 10), control the s('\ cyrh* ami otlua mamo-endo- 

crino activities. 
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Fig. 7.3b — The pituitary in relation to the mammary-gland growth and reproduction 
Courtesy J. P, Mixner, and C. W. Turner, Missouri Agr. Exp. Sta, 


Returning to Fig. 7.1, not only are male (androgen) and female (estrogen) 
hormones similar in chemical structure but both are excreted in the urine of 
males and females. Men excrete about 100 and women about 300 I.U. of 
estrogen (female hormone) per day. BetAveen 4 and 7 years the estrogen 
excretion in girls is 8 to 10 I.U. a day; between 7 and 11 years, 20 a day, and 
about 300 a day thereafter. Boys excrete 20 to 30 I.U. estrogen up to about 
14 years, then may increase to 100 (rather than 300 as in girls)®'. 

“Nathanson, I. T., Towne, L. E., and Aub, J. C., Endocrinology, 28, 85 (1941). 
Nathanson and Aub, J . Clin. Endocr., 3, 321 (1943). Talbot, N. B., et al., Am. J . Dis. 
Child., 66, 364 (1943). Greulich, W. W., el al., Monogr. Soc. Res. Child. Develop. Nal. 
Res. Council, 7, Serial 33, No. 3 (1942); ./. Fed., 22, 518 (1943). The pioneer work is by 
Gallagher, T. F., and Koch, F. C., J.A.M.A., 108, 586 (1937) (one woman with “adrena 
virilism” excreted 480 capon units of androgen a day as contrasted to 13-79 in normal 
men and ij to 59 in normal women). 
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'I’Ik* aiulrogcii ( l7-k(‘tosl(‘n)i(l ) oxcivtion is approxiinalely tlic same, not 

onlv in Ih)Vs an<l aiils bill also in mature men and womcn^^. ( lonadotropin 

• • ' 

(*xer(‘tion is ai)oul tlu* sanu* in nuai and wonuar^*’, in eastialial men and post- 
meno|>aus(' women''’. 

It is enrious that bulls and stallions i‘xer(‘te very little androgen (male) 
hormones- -far b(*low thi^ amounts exereted by men and women — but stallions 
excrete enormous amounts of estrogen (female hormone)^'^. The androgen or 
eslrogcai excretion may ii'present metabolic products rather than direct 
gonadal secretions. 

Clonaileclomized animals excrete* estrogeais and androgeais. "Where are 
they produced? The* adr{*nal cortex hormones (Fig. 7.1) are chemically 
similar to sex hormones and the adrenal cortex may iiroduce sex hormones. 
This is confirmed by chang(*d (*xcretion of these hormones in various diseases 
of the adrenals. The adrenal-cortex hormone (idanoMeronv shows properties 
similar to uudimicronc, tlu* active male sex hormone. The adrenal-cortex 
hormoiH* desoxycorticost(*rone (sodium-retaining factor) is structurally re- 
lated to the female sex hormoiu* progest(*rone, to 21-hydroxyprogesterone; 
17-hydroxypr()gesterone exerts a phy.siologic influence similar to the adrenal 
cortical hornuaie corticostiMoiu*''’*-^. 

There is no sliarp dividing line between male (amlrogen) and female (estro- 
gen) hormones structurally (Fig. 7.1) or functionally, as indicated by the 
stimulating efTect of androgens on females, including growth of the uterus and 
other female sex organs'*^, and of estrogens on males’* (when administered at 
certain levels under certain conditions). Indeed, oven the general design of 
male and female sex organs is similar, being homologous (same anatomic 
origin) and analogous (similar physiologic function). Thus the ovary and 
testes follow a parellel course of development (Fig. 17.4), and sex cannot be 
differentiated in the embryo until late in development and sometimes not even 
in late life^^ 

This lack of dividing line may also be illustrated by sex inversion in all 
species. To cite the best known example on a familiar farm animaF^, a yonng 
female fowl assumes male characteristics on removal of its left (functional) 
ovary. Its light ovary is then virtually transformed to a functional testicle. 

Aub, et uRK Scott, W. W., and Vcrimilon, C.,J. Clin. Endocr., 2, 450 (1943). Koch, 
F. C., Biological Symposia, 9, 46 (1942). 

3® Varney, R. F., Kenyon, A. T., and Koch, F. C\, J. Clin. Endocr., 2, 137 (1942). 

37 Catchi)olc, II. R., ct aL, J . Clin. Endoc.,2t 181 (1942). Hamilton, J. B., A?ia/. Rec., 
88. (1944). 

33 Koch, F. Biological Symposia, 9,41 (1942). Doisy, E. A., Fed. Proc., 1, 202 
(1942); 116, 501 (1941). 

30 cf., Gordon, E. G., J.A.M.A,, 114 , 2549 (1940). 

^oGeist, S. II., /..4.il/..4., 114, 1539 (1940); 117, 2207 (1941). Winterstein, M. P., 
Id., 116, 2679 (1941). Salmon, N. J., and Geist, S, II., J. Clin. Endocr., 3, 235 (1943). 

u Beach, F. A., Endocrinology, 31, 673, 679 (1942). 

For curious anatomic as well as i)liysiologic sex abnormalities, see Young, li. H., 
“Genital abnormalities”, Baltimore, 1937. 

^3 Cf., Koch, F. C., ed., Biological (Symposia, 9, (1942). For examples of remarkable 
inversions in birds, see Danforth, C. H., p. 67; in amphibia, Humphrey, R. R., p. 81. 
Other examples are given by R. R. Greene, p. 105 and Burns, II. K., Jr., p. 123. 
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Crew^^ rojDoricHl a ''normal” tcaliK' lu'ii s])(tntai!ci)u.sly (.‘handed to an upj)ar- 
ently “normar^ fertile rooster. It is (‘viih'nt tliat the female at anv rate lias 
the potentialities oi both sexes in sjiitc' of dilTerenei'S in ehnnnusome pattern. 
Interchanging; sex glands in immature mak* and female rats leads to inter- 
change of sex behavior'’’. Female canaries (non-singing) assume male court- 
ship behavior, including singing, on injecting male hormone*''’. Injecting 



AGE 


Fig. 7.4— The innuence of gestation on growth of rats, ('ourtesy H. H. Cole and G; 
H. Hart, Am, J. Physiol. , 123, 589, 1938. Evidently gestation accelerates the growth 
of the mother. 


» 

male sex hormone to females shifts toward male fashion, their nuiscular de- 
velopment^^ energy metabolism^*, electrolyte picture'®, work capacity*", and 
so on*', including sex bcliavior*''. On tlie otlier hand, there is considerable 

“ Crew, F. A. E., Proc. Koii. Soc., 96B, 25G (lt)23). See also Kiddle, 0., .Im. Nat., 
68, 167 (1924). Zowadowsky.'M. M., Trans. Lab. Pxp. Biul. (Zoopark, Moscow), 4, 9 

(1928). 

'* Stone, C. P., E ndacri nolog u, 24, 105 (1039). (lardncr, W. U., cl al.,Anul. Rec., 76, 
249 (1939). 

** Leonard, S. L., Proc, Soc. Pxp. Piol. Mai., 41, 229 (1929). Baldwin, F. iM., et al., 
W., 44, 373 (1940) Fredericks, II. II., ./■ Acta. Brev. hecr. PhynioL Pharm. M}croh., 

11, 24 (1941). 

Engle, P., Endoen'rto/oj/.v, 29. 852 (I-**])- 
Sandiford, I., cf a/., »/. 67 i7i. Lndocr., 1, 331 (1J41). 

^•Kenvon A. T.. cl al., Endocrinology, 23, 13o (1938). Korenchevsky, V., ei al., 

Hoskins, II. G., Am. J. Physiol., 72, 324 (1925). Slonaker, J. R., /t/., 112, 176 
(1935). and others by this author. Simonson, E., el al., Endocrinology, 28, 596 (1941). 
»Wt J Witchi,E.,/d.,2,279 (1942). Allen, 

E., J.AM.A., 116, 405 (1941). ^ 

•* Koster, R., Endocrinology, 33, 337 (1943). 
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differcnct* in jiiowth rate and in other features in males and females after 
Ijotli haA(' heen gonadectomized'’"’. There are also prenatal growth differ- 
ences lietween the sexes, that is, before sex maturity^h Is sex determined 
by the gonad or is the nature of the gonad dcterminetl by the sex of the 
individual? 

It api)ears that the urinary steroids may not be functional hormones but 
hormomd degiadation products. While some hoiinones, like thyroxine and 
adrcaialine, are known chemical entities, most are known only by their effects. 
Of the many anterior pituitary hormones, only the lactogenic (M.W. about 
25,()0t)) have apparently been obtained in dcdinite purity^-’; and it is not abso- 
lutely certain that this hormone, originally called prolactin by Riddle, is the 
lactation hormone. Indeed, the effect ascribed to a given hormone may 
represent the effect of hormonal degradation products, or of seveial hormones, 
or perhai)s of impui ities associated with the hormones rather than of the hor- 
mones themselves^®. 

There ,is a pendulum tj'pe of oscillation between the pituitary tropic hor- 
mones and their controlled endocrines. Thus under condition of stress, the 
pituitary liberates excessive adrenotropic hormone which induces the adrenal 
medulla to produce adrenaline. If the the adrenaline production is exces- 
sive, it reacts on the pituitary, depressing production of adrenotropic hor- 
mones”. The periodic sex endocrine activity is an expression of this type of 
regulation (Sect. 7.2). Similarly, feeding thyroid depresses the production 
of pituitary thyrotropic hormone and therefore depresses thyroxine produc- 
tion®®; indeed it atrophies the thyroid. When the blood thyroxine level is 
reduced, the pituitary again produces thyrotropic hormone and hence thy- 
roxine. Likewise, massive administration of adrenocortical extract depresses 
cortin production ; it atrophies the adrenal cortex®”. 

Finally, as explained in Chapter 10, there is a remarkable homeostatic 
interrelation between the food supply, endocrines, hormones, appetite and 
related factors. Thus dietary deficiency in iodine leads to compensatory 
hypertrophy of the thyroid ; dietary deficiency in calcium and vitamin D leads 


» Ratal, S., J. Exp. Zool., 18, 1 (1915). Moore, C. R., Biol. Bull., 43, 285 (1922). 

5' Hill, A. H.. Am. J. Rhys. Anlhrop., 24, 251 (1939). 

“ White, A., Catchpole, H. R., and Long, C. N. H., Science, 86, 82 (1937). White, 
Bosnes, R. W., and Long, J. Biol. Chem., 143, 447 (1932). Li, C. H., Lyons, W. R., and 
Evans, H. M., Id., 140, 43 (1941). For recent investigation of adrenocorticotropic and 
adrenotropic hormones, see Li, Evans, and Simpson, Biol. Chem., 149, 413 (1943), and 
Sayers, G., White and Long, Id., p. 425. Tyslowitz, R., Science, 98, 226 (1943) obtained 
corticotropin by dialysis and ultrafiltration of pituitary extract. While it is perhaps 
protein, its passage through cellophane membrane indicates it to have a much lower 

molecular weight than prolactin. , , ,, , 

Thompson, D. L., Collip, J. B., and Selye, H., Biol. Rev., 16, 1 (1940); /.A.il/.A., 
116, 132 (1941). Thompson, K. W., Physiol. Rev., 21, 588 (1941). Sulman, F., J. Exp. 
Med., 66, 1 (1937). 

Selye, H., J.A.M.A., 116, 2246 (1940) (injecting desocorticosterone acetate and re- 
lated steroids as progesterone and testosterone involutes the adrenal cortex). 

“ Reforzo-Membrives, J., Endocrinology, 32, 263 (1943). 

Ingle, D. J., et al., Anal. Rec., 71, 363 (1938). 
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to compensatory hypertropliy ul’ tlu‘ paiathynmis. I'hv lovol of eiulocriiu^ 

function in turn inilueiices tooil intake, as illustrated 1>\' four-fold intake' of 

% 

calcium following' parathyroidectomy, two-fold intake' of die'tary encigy fol- 
lowing thyroid-hormone or insulin adininistratioiu and so on. Hormones and 
diet are closely interrelated (C'h. 10). A most tli’amatic inte'rrelation is the 
influence of lack of certain vitamins, especially vitamin K in tlie rat^''N)n pi- 
tuitary, thus throwing the whole body economy tuit of gear (Chs. 0 ami 20). 
The interrelations between the hormones and between diet and hormones are 
closer than most investigators appreciate; hence the apparently conlradictctry 
results and claims bv dift'erent investigators. Anv one of an innunu'rabk' 

* CP * 

number of components — hormonal, dietaiy, or environmental -may become 
the weak link in the metabolic chain tliat wo call life. 

This brings us to the question of wliolher or not it may be possible to em- 
ploy hormones for increasing the productive rates and, therefore, the profit on 
agriculturally productive i)rocesses. It is obvious that hormones Inn’c two 
aspects in the efficiency complex. One is illustrated by the extirpation of a 
gland taking part in a productive process. Thus extirpation of the sex glands 
reduces the reproductive efficiency to zero ; hut it docs not follow that the con- 
verse of this process, namely administration of sex hormones to normal ani- 
mals, increases the reproductive efficiency. Likewise, removal of the thyroid 
gland in the young stunts growth and development; yet this does not mean 
that administration of thvroid hormone to normal young accelerates growth. 
Similar statements apply to other eiulocrines. The oiganismic view print 
(Ch. 10) leads to the inference that in the straggle for survival in the course 
of evolution, or even in selection by man, the component parts of the body 
had to develop so as to function in symphonic harmony of an optimal pattern. 
Disturbance of this pattern is likely to cause unfavorable after-effects, and 

therefore reduced efficiency. 

However, there are various efficiency aspects, immediate energetic and 
monetary, and long-range energetic and monetary (Ch. 1). Increase in 
immediate efficiency is dependent on greater increase in producti^'e rate than 
in maintenance-cost rate. Increase in long-range efficiency is dependent on 
absence of unfavorable after-effects sufficiently serious to offset the immediate 
gain; long-range failure to the animal may or may not be associated with 
failure to the animal husbandman. Thus injurious after-effects which are 
developed in three years will not affect the monetai}^ profit of the animal 
husbandman if he plans to slaughter the animal within two years. This 
problem is at present under investigation, and it seems best to study the facts 

and reserve the judgment. ... 

Under certain conditions hormone administration would definitely be help- 
ful. Thus valuable old animals becoming infertile only because of definitely 

‘“Wieske B P and Bachrach, A. L., Nature (Dec. 4, 193^. Barrie, M. 0., Id., 
189, 287 (1938) Singer, E., J. Physiol., 87, 287 (1936). Biddulph, C., and Meyer, R. K., 

Am. J. Physiol., 182, 259 (1941). 
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diagnosed hypothyroidism may l)e helped by tliyroid administration. The 
pituitary (endocrine action of undernourished animals may be depressed l.)e- 
cause of the undernourished condition, in whicli case administration of whole 
anterior pituitary substance, supplementing a good diet, may be helpful; but 
it may not be i)rofitable to do so. In Iwief, we are not in a position to general- 
ize on this problem at this time. 

With the above organismic, or overall, outline of the hormone problem in 
mind, we proceed to consider some details of each of several endocrine systems. 
The endocrine literature is extremely voluminous and is growing xeiy rapidly. 
This chapter does not attempt to cover the literature, Init cites only a few 
illustrative examples, especially in their l^earing on the efficiency complex. 
The current literature can be followed most easily with the expertly critical 
reviews in the Annual Reviews of Physiology, Annual Reviews of Biochemistry, 
Physiological Reviews, Advances in Enzymology, and especially the Journal 
of (he American Medical Association which emphasizes endocrinal applications 

as well as the involved theory. Most original researches are reported in 
Endocrinology and in the Journal of Clinical Endocrinology. 

The following sections are intended to supplement this broad introductory 


outline of the hormone field. 

7,2: Hormones in reproduction and lactation. There is an enormous litera- 
ture^* on the endocrines, hormones, and hormonic mechanisms of reproduc- 
tion, including lactation. 

There are many sex hormones, male and female, but, as already noted, they 
all contain the cyclo-penteno-phenanthrene or the cholesterol nucleus®- having 

the formula 





which may be considered as a derivative of the three 6-carbon ring phenan- 

threne, to which is fused the fourth 5-carbon ring. 

In its unsaturated form the nucleus offers many points of attachment foi 
side groups in various sequences. This nucleus is, therefore, the mother sub- 


The standard technical work is “Sex and Internal Secretions,’^ by many authors, 
edited by Edgar Allen, Baltimore, 1939. The most fascinating popular book is Hor- 
mones in Human Reproduction”, by G. W. Corner, Prin^ton Univ. Press, 1942. 

Cf, Koch, F. C., in Allen«; Hopkins, F. G., Dodds, E. C., Parkes, A. S., Ruzicka, 

^ r _r^l A T? ^ Vi 1 A nrtfTQTllA AMpmi^irrV in 


Biology”, Vol. 5, 1937. 
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stance of many compouiuls, incliulinj*; andro'^ens or male sex hormones (testo- 
sterone, undrosterone. and dohydri>ste!'one, the last two prohattly lieing uri- 
nary excretion protluctvS t»r the tirsO; female sex hormones (ovarian follicular 
hormone variously called estrone, theelin, proiiynon, menoforinen, estradiol, 
theelol or estriol, equilin, progesterone'^'*); corticosterone®' (hormone from 
adrenal cortex); vitamin 1); bile acids; saponins; embryo^enic organizers; 
carcinogens, ami so on (Fig. 7.1). 

The chemical iliffcreiicos in the various sox liornionos arc due mostly to ilifferencos 
in substitutions in positions S, 5. 17 in the above nucleus, and in stereochemical con- 
figuration. The difference between estrone and progesterone is that the former has an 
HO— in position 3, the latter an 0=an(l by some minor diffcrencc.s in jHisitions 10 and 
17, The difference between testosterone and progesterone is only in [msition 17; Pro- 
gesterone has the CO CIl,i group, testosterone the H-OK group. The difference be- 
tween corticosterone and progesterone is that the former, but not tlic latter, has an 
OH in position 1 and in position 17; corticosterone has an CO CIbOH group, while 
progesterone, a CO-CIb grouj). Indeetl, corticosterone exliibits progesteronc-Iike 
activity®5. It is impressive to contrast the unity of basic structure and uUiniate func- 
tion, with the diversity in immediate function. 

While the natural sex hormones arc built about the phenautlireue nucleus, a synthetic 
estrogen, diethyl stilbcstrol (“stilbestrol”), synthesized by Dodds^^ namely, 



CsIIs C 2 H 1 


which does not contain the phcnanthrcnc ring, is at least twice as potent®^ an estrogen 
as the natural estrogen estrone. The formula of stilbcstrol may be rearranged to appear 
like estrone with two incomplctcd positions. This docs not, however, work out with 

3-dimensional models. 

An enormous literature on stilbcstrol has grown up«^ since the appearance of the 
paper by Dodds, Goldberg, Lawson and Robinson in 1938. Stilbcstrol has remarkable 
growth-stimulating properties on the uterus of immature rats and on tlie mammary 
gland«>- ’0 and has lactption-initiating properties’^ Stilbcstrol, however, depresses 


Progesterone appears to be androgenic. Clausen, H. J., Endocrinology, 31, 187 
(1942). There is some antagonism between estrogen and progesterone as presently 

Wnlerstciner, 0., and Smith, P. 253 (1938). 

" Kds^E 'c ^ GiidbSrL ’ li’wsoi W and Robinson, R., Nature, 141, 247 (1938). 
"Maefeyil^C. M I'- Castrodale, D.,J.A.M.A.. 116. 

‘*'“D?ethyl8tilbestrol” (annotated bibliography), Merck & Co., Railway, N. J., 54 
pages, October 1940. 


"aT so^ Sal Prod. Nov. 28, 1940; and Endocrinology; Zl. 520 
( 1942 ^ Sdfhestrol stoulated mpM growth of the mammary dact system comparable 
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iMctnti.m lifter it is cstablisli.M-'. Tlic effect of ttie stilhestrol is assumed to be l)y way 
of till' pituitary. More recently anotlier syntbetie estroKcn, oetofoliii'- (a phenyl-ethyl- 
hexane), le.s.s toxic for a (;iven estrojicnie effeet than stilbestrol has come into use”. 

T\wclirnihtry of tlio sex lioiniones tlms appears simitle in general design, 
'file vhumdogij of the sex eyele differs with the sjreeies : sotn(‘ breed only dur- 
ing certain seasons (t'h. S), others only at aiiproxinnitely monthly cycles, still 
others ;it 5-day eyelt's, and so on. \\e are most familiar with the monthly 

and shorter cycles"'’ in non-seasonal breeders. 

.\s previously noted, the female .sex cycle is eontrollcd by the interplay be- 
tween two classes of hormones: (1) the pituitary or gonadotropic hoimones, 
which stimulate the ovary to produce estrogenic hormones; (2) the estrogenic 
hormones produced by the ovary under the influence of the pituitary gonado- 
Iroiiic hormones. These estrogenic hormones depress the pituitary produc- 
tion of gonadotropic hormones; the activating stimulus for the ovary to 
produce estrogens is thus removed. In this way there is brought about an 
oscillatory or periodic cycle of high iritnitary gonadotropic hormone production 
and high ovarian estrogen production. This cycle continues frorn piibeity 
.until the menopause’^ when the ovary ceases to respond to the high gonad- 
otropic hormone. Gonadeetomy in either sex, or absence of sexual develop- 
ment, is associated with a permanent elevation of gonadotropin excretion'®. 

Tho ('.strogoiiio hormones are verv conoontratcd in the egg follicles (ovarian and 
graafian follicles). Allen and Doisy (in2'2) injected the fluid from these follicles into 
castrated mice and rats, bringing about the cycle without the presence of the ovary. 
The course of the cycle is followed most easily by changes in the appearance of the 
vaginal smear (Stockard and Papanicolaou, 1917) and is used for estimating the potency 
of the estrogen hormone (Edgar Allen and Doisy, 1922). This method for assay of the 
hormone led to its ever greater ])urifiration and final isolation (Doisy, 1929). 

The steps in the cstriis cycle are roughly as follows: 

(1) Beginning with pvdrerty, the pituitary (gonadotropic hormones) acti- 
vates the ovary (and perhaps other tissues) to produce estrogen hormones 

(2) The estrogen hormones stimulate growth of most sex organs, especia,lly 
the ovarian (graafian) or egg follicles, ripening of the eggs, ovulation, t.e., 
shedding of the eggs from the ovarian follicles, and the phenomenon of estrus . 
Estrus is what farmers call heat, or sexual receptivity, when fertilization may 

occur. 

” Turner, C. W., and Mixner, J. P., unpublished data. 

” Blanchard, W. W., cl al., Endocri nolog u, 32, 307 (1943). , , t . „ not 

” HulTord, A. R.. J.A.M.A., 123, 259 (1943) Roberts, H. I>-. P- 261- 

Cf Guthrie, Mary J., “Reproductive cycles m animals, Growtky 3, 

” Sub-human or sub-anthropoid species, apparently, do "f!’, . ^ "J® 

(sudden cessation of reproductive activity) ; the reproducing ’’bdity seen s o dec, 

gradually until the end of life. Also human males do not appear to have a sudden c 

iWteric comparable to the menopause in women, but a gradual decline. 

” Varney, 11. F., et al., J. CUn.Endoc., 2 137 (1942) Albright F |( ah. Am. J. 
Med Sci 204,625 (1942). Heller, C. G., ai., J. Chn. i^ndoc., 3 , 573 (1943). 

”■ “Estrus (or oestrus) means ‘periodic sexual excitement of the female, but estrum 
means any recurrent excitement,” G. W. Corner, (Science, 86, 197 (1937). 
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(3) After the are shod trom tlu' follirlcs, the latter l)ecc>iiie endo- 
crine organs called corpus liitea, producing anotlier lioninnu*, prugestcrone, 
which controls the implantation and nourishment of the fertilized egg in the 
uterus, including formation of the placenta. 

(4) If no fertilization occurs, this growth of the uttaine hed degenerates, 
and this whole elaborate rece|)tional structure for the fertiliztnl egg is swept 
out. In man and most anthropoids, this sweeping out, called menstruation, 
is dramatic because of tlie hyperemia and lileeding of tlie endometrium 
(lining of the uterus). In other species, it passes unnoticed, without bleed- 
ing; these species do not menstruate. It is curious that those species tliat 

have a marked estrus do not have marked menstruation, and convois(4v. 

• « 

Women have menstruation, ttiat is, a visible bleeding, or sweeping out of the rocop- 
tional set-up in the uterus, but no estrus. ttuit is, no sexual excitement at tiie time of 
ovulation. They are, indeed, unaware of the time of occurrence of ovidatioiv®. Ovu- 
lation in women usually occurs sometime between the eighth and twentieth day after 
the beginning of menstruation, when fertilization can occur. In farm and laboratory 
animals other than anthropoids, fertilization can occur oidy during estrus, tliat is, 
during sexual excitement, whicii coincides with ovulation. 

If the egg is not fertilized, the decline of estrogen hormone production by 
the ovary releases the pituitary to produce more gonadoti'opic hormone, and 

the whole elaborate sex cycle is repeated. 

This brief outline illustrates the balanpe between the gonadotropic and es- 
trogen hormones. The cyclic nature of sex activity is thus a pcndulum-like 
oscillation between pituitary and ovarian activity. This discussion also 
illustrates the general design and sequence of the processes: egg follicle be- 
comes the corpus luteum after the discharge of the egg, and this structure, 
which previously produced estrogen (in the follicular solution) for producing 
estrus in the Semak, now produces progestei'one for producing the housing 
facilities for the young. Though differing in function, the progesterone is 
chemically similar to estrogens and androgens ; by a slight change the same 
material serves as estrogen, as progesterone, as androgen, and as one of se^’eral 

other hormones (Fig. 7.1). 

But this is not all. When the infant is born it has to be nouiished ; thus it 
comes about that at puberty, when the ovary becomes sensitized to the pitui- 
tary gonadotropic hormone and produces estrogen hormones, the estrogen, 
which is instrumental in maturing the sex organs and ripening the eggs, also 
acts on the mammary gland causing it, especially the duct system, to grow 
rapidly. The development of the mammary gland, the apparatus for nourish- 

"See however Roseimveie, S., J. Bnriocr.. 3, 206 (1943), indicating shiftin 

psychic attitudes from the pre- to the post-opilative phase. For cyclic temperature an- 
metabolism changes, see Rubenstcin, B. B., Endocrtnology, 22, 41 (1938). For an electro- 
metric method of timing human ovulation, see Langman, L., and Burr, II. S., ./.Heredity, 
33, 223 (1942). Too many factors, however, influence the electric potential difference 
to make it significant [Snodgrass, J. M., Am. J. Physiol., 140, 394 (1943)]. 
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ing the young, is thus sjuichvonized with that of the sox organs, the apparatus 
for producing the young. 

The milk-secreting alveoli (terminal-ehainber) stage ot the mammary gland 
is perfected during gestation under the influence of the progesterone hormone, 
the same hormone which controls the production and maintenance of the re- 
ception and nutritional chamber for the embryo. It should be noted that the 
(‘fleets of the vario\is hormones are confined to specific, tissues at definite ages, 
in definite states of competence to react to the given hormones. The “logis- 
tics” — to employ a current military term — of this process thus aj)pear to be, 
so to speak, arranged with foresight, economy, and the ultimate in perfection 
of timing. One is tempted to carry the logistics of this reproductive cam- 
paifui both backward, to the emotional (neuro-psyehoh'igic) mechanisms which 
bring male and female together with all the familiar courtship devices and all 
the far-reaching social implications, and forward not merely to the production 
of milk, but also to the development of maternal beha^•ior, found in mice as 
well as men. These emotions are apparently under the control of neuro-endo- 
crine mechanisms’*’. It is interesting to note that in some species, pigeons 
for example, milk production (pigeons produce about 10 g “pigeon milk” a 
day similar in composition to rabbit milk— (55 to 80 per cent H 2 O, 13 to 19 
per cent protein, 7 to 13 per cent fat, 1.5 per cent ash) and brooding are shared 
by both parents, and that for their proper functioning the male must have 
testes as females must have ovaries. The gonadotropic hormones arc prob- 
ably the same in male and female,' and, as noted, the testicular hormones 
differ only In detail from the ovarian sex hormones. 

The discovery that ovarian activity is controlled by anterior-pituitary hormones 
(vas made by Smith and Engle” and Zondek and Ascheim*". This pituitary control 
of gonadal activity is demonstrated by: (1) hypophysectomy. which is followed by 
cessation of sex function, and restoration by pituitary implants*' ; (2) naturally sterile 
dwarfs (mice) become fertile on pituitary implantation*"; (3) implantation of 
pituitary tissue*’ or injecting gonadotropic preparation*' (or testosterone proprionatc** 
in infant chicks or rats results in extreme sex precocity (sex “maturity in lo-day old 
mice or 10-day old chicks) . Cushing** observed some thirty years ago that hypophysec- 
tomy is followed by atrophy of the gonads. , , , , , ,, 

So many hormones are referred to the anterior lobe that one wonders whethei there 


78a O PtOC, /Iw. Phil. SoC.y 76, 52i {l93o). ,» • 1 1 -r* 1 I.' 'T 

79 Smith, P. E., Proc. Soc. Exp. Biol. Med.^ 24, 131 (192b); Smith arul Engle, . 

Am. J. Anat.j 40, 150 (1927). c* • t rt i ion i /\ci 07 \ 

80 Zondek, B., and Ascheim, S., Arch. nQ27V J AM A 88 158 (1927); 

81 Smith, P. E., Proc. Soc. Exp. Biol. Med., 24, 337 (1927), 50, loa (.m 

Smilr? E ’ afd MaeDowell. E. C., Anat. Rcc., 46. 249 (1930); 60 85 (1931) 
th P e’ Proc Soc. Exp. Biol. Med., 24. 131 (1926); Am. 8°- 

Sm 1932)"^ For scxuai’maturity in mice, see Engle, E. T., and Rosasco, 

vl.SS’pyko, H. U., r- to, Bi,,. JM., 30, 340 (1032). 

» Catotir; 1912. 
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arc special tissues that seerefe eaeh of the hormones. Warhritton arul McKenzie” 
reported tl»e recognition df nine mor[)[inlofrirally different types of e<'Ils in the Khmdiilnr 
lobe of the anterior pituitary ol tlie ewe^V i'he anterior pituitary aj)pears to Imve 
(1) chromophobe cells whiidi tlo not stain well, and (J) ehromophil cells which do stain 
well. Of the latter, there are ('2a1 aeidopliil cells wliieh stain by acid dyes, and (2b) 
basophil colls which stain by basic dyt's. Tlu' lactoj^enic and p:rowth hormones are 
attributed to tlu' acidopluls, tlie p>nadotropi<' to tlie basophils. The growth-hormone 
production is attributed to the acidi)]>hils because of their absence in dwarf-micc^^ 
pituitaries aiul their overabuiulanct' in “giants”®*’'. 

As previously outlined, umler the inlluenci' of the pituitary gonadotroj)ic liortnones, 
the gonads (testis, ovary ) produce sex hormones which control the growth of sex tissues, 
including mammary gland, secondary sex eliaraeteristics, and sox functions in general. 
The male (testis) hormones are the aiulrogens; the female (ovarian) hormones are of two 
kinds; (1) estrogens produced mostly in the ovarian follicdes, controlling the cstrus 
cycles, including ovulation and mating, iiml (2) progesterone j)roduceti by the corpus 
luteum, controlling implantation and nutrition of the fertilized ovum. The estrogens 
are produced umler the influence of the (pituitary gonadotropic) follicle-stimulating 
hormone, or F.S.H.; progesterone is produced under the influence of the (pituitary 
gonadotropic) luteinizing hormone, or L. II., identical with I.C.S.H. (interstitial cell- 
stimulating hormone). 

The terminology of the sex hormones is involved^®, as itulicatc<i by the following out- 
line, which is by no means generally accepted. 


The known female sex hormones are: (1) estradiol, the active estrogen principle in the 
ovaries; (2) estroiie, or theelin, produced from estradiol in the ovaries, is found in blood 
and urine in males as well as in females (corpus luteum, placenta); (3) estriol, or thcelol, 
produced from estrone in the uterus (the conversion docs not occur in the ovari- 
ectomized), constitutes about 80 per cent of the estrogen in pregnant urine; (4) equilin, 
and its isomers hippulin and cquilenin, have thus far been found in mare urine only. 

Assays for sex hormones are growth responses of specialized tissues. Thus the 
Corncr-Hisaw test for progesterone is the growth response of the uterine endometrium; 
the Allen-Doisy test for estrogen is a growth response of the genital tract including 
estrus production; the Koch test for male sex hormones is the growth response of comb 
and wattles of the capon. A test of another category is that for acetylcholine which 
estrogens release in the uterus. The latest pregnancy test®^ in humans consists in 
administering prostigmine, which activates the acetylcholine and leads to hyperemia 
and consequently induces menstrual flow provided the subject is not pregnant. 

It was noted that the placenta produces gonadotropic hormone. The time curve 
of its production with the advance of the period of gestation has been worked out for 
cattle®^ and womcn®3. The following, for women”, is timed from the first day that the 


nienstrual period is missed. 


Days 

3 

14 

22 

36 

46 

55-66 

80 

99 

4 days 
after birth 

Urinary Hor- 
*none per day 

ISO 

65,000 

1 

125,000 

1.040.000 

260,000 

130,000 

65,000 

10,400 

0 


" Warbritton, V., .and McKenzin, F. F.. Univ. Missouri Agr. Exp. Sta. Res. Bui. 257, 
1937 

. " Schooley J. P,. and Riddle, 0., “The morphologic basis of pituitary function in 

pigeons”, Am. J. Anat., 6, 313 (1*^38). 

Smith, P. E., and MacDowell, h. 

Frank, R. T., J.A.M.A., p. 1504 

C. W., Univ. Missouri Agr. Exp. Sta. 
Ev'Sis.K’ liTei 108, 287 (1937). 
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The Asrhcim-Zondck pregnancy test previously explained is a test for these urinary 
gonad(,troi)ins. The function of the placental gonadotropins, perhaps, is to stimulate 

the cor|)ora luioa. 

As regards lactation, Oruetcr and Strieker” in Strasbourg and Corner’^ in this coun- 
try demonstrated that this process is under the control of the pituitary. 

Some investigators” maintain that milk secretion is the resultant of the action 
of a scries of distinct pituitary hormones: (a) lactogenic, which regulates milk produc- 
tion by direct injlticncc on the secreting cells of the mammary gland, and (b) several 
metabolic hormones for inotein, carbohydrate, fat, etc,, each of which regulates milk 
production by its influence on a pnrtirnlar milk precursor. Other investigators” main- 
tain tliat the same biochemical entity which stimulates milk secretion by mammary 
cells, i.e., the lactation hormone, also shows other hormonal properties, among yjhich 
may be: (1) calorigcnic in conjunction with the pituitary thyrotropic hormone; (2) 
calorigenic in thyroidectomized animals; (3) diabetogenic”; (4) crop-secretion stimu- 
lant in pigeons; (5) releaser of brooding instinct in fowls and maternal behavior in rats”, 
sustaincr of liver, pancreas, and intestines in pigeons; (6) participator in acceleration 
of growth. However, these may be due to impurities associated with the lactogenic 
hormone. The "lactation hormone” is customarily assayed by its influence on crop 
gland growth” in pigeons of either sex rather than by its milk-stimulating property. 
The theory that the same sub.stance which stimulates mammary-gland cells to produce 
milk also induces maternal behavior gives a functional unity to a diversity of 

phenomena. 

The mechanism of mammary-gland growtli is at present under investigation. 
The following notes represent the ideas of my department colleagues^®® as sum- 
marized in Fig. 7.3b. The mammary gland is made up of several components, including 
the stromal connecting tissues which house the vascular system and glandular tissue, 
and the parenchymatous tissue (ducts, alveoli, lobules, etc.) the milk-conducting and 

-secreting tissues. 

As regards the parenchymatous tissues, at birth they usually consist of the primary 
ducts from which secondary ducts have sprouted. The mammary duct tree develops 
during the recurring estrous cycles of puberty while the mammary lobule-alveolar system 
(terminal-chamber secreting system) develops during the first half to two-thirds of 
pregnancy. The hypertrophy of the gland preceding parturition is not due to growth 


chemical 
[lormones. 


” Turner C W., in Edgar Allen’s “Sex and Internal Secretions.” 

” Corner, G. W.. in Edgar Allen’s “Sex and Internal Seeretions.’’ 

” Kiddle O., Cold Spring Harbor Symposia on Quanlilaltye Biology, 6, 218 (19o/;, 
Ann Kep. Dir. Dept. Genetics, Carnegie Institution of Washington, pp. 52-62, Decem- 
ber i037; also Sci. Monthly 1938). , _ , . , „„ 

” However, Bergman and Turner reported [Endocrinology, 22, 619 (1938) 

separation of lactogenic and carlwhydratc-metabolisni antenor-p^^^^ 

\lso l: 5 er 2 nian, A, J . , <ind urncr, C, W*, i/. Duity Sci.y 23t 12^9 ^940) . i 

^ Riddle”. However, Leblond and Nelson (Am. J . Physiol., 120, 167 (1937)] reported 

maternal behavior in hypophysectomized animals. k ioi not7t 

’3 Bates R. VV., Cold Spring Harbor Symposia on Quanlilalive Biology, 6, 191 0^67). 
Lyons W.’ll.^ Symposia on Quanlilalive Biology, 6, 198 (1937). The discovery of Hiis 
crop test and that the pituitary extract that contains the lactogenic hormone is identical 
with the extract that gives this crop test are due respectively to Riddle, O., and 
Braucher P. F., Am. J. Physiol. ,97 , 617 (1931), and Riddle, Bates, R. W., and Dykshorn, 
S \v. Id’. 106, 191 (1933). Riddle named this pigeon-crop factor “prolactin . Ot^rs 
named it later galactin, lactogen, lactogenic hormone, mammotropin, and ee °i*- . 
cannot be certain of the role of this factor in milk production, since milk production is 
dependent on many interrelated hormones, for example, thyroxine and cortin factors. 

?oTMixner, J. P., and Turner, C. W., Univ. Missouri Agr. Exp Sta. Res Bu 1. 378, 
1943 C W Turner in Edgar Allen’s ‘ Sex and Internal Secretions . Riddle, U., 

116, 2276 (1940). 
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but to swelling with secretion. There is apparently little growth of the gland during 
lactation, unless pregnancy oeeurs sinuilfaiieously . in whieh east' tiirre tiiay he lulditional 
gland growth. 

It is now generally believed that nianiinary growth is utider dinad pituitary control. 
Corner^®* was the first to report tliat lu' obsiM vod d(‘velo])ment of the inaiuinarv glands 
of young castratetl rabbits uinier tlie inlluenct' ttf injeetioius of an alkaline ('Xtrac't of 


sheep anterior pituitary. Turner (t fir.st ihnuonstrated that the presence of tiu' 
pituitary is essential for inaniinary growth, tin' ovarian horinoiu's lu'ing iiit'fTeetivt' in 
the absence of the pituitary. The present theory, basial on research in the .Missouii 
laboratory, is that estrogen (during puberty and estrus) stiinulate.s tlu' [>itnitary to an 


increased secretion of a inannnogenic diict-giaovtlt hormone, whereas progi'sterone 
(during gestation) stimulates the pituitary to an increased seeretion of a mammogenic 
lobule-aivcolar-growth factor. Kstrogen causes an increased hyperemia and vascularity 
of the stromal tissue associated witli an incn'ased permeability of tlie vascular .system*®^ 
Thus more rapid growth of tlie mammary gland is promoted indirectly by increasing 
the amount of pituitary mamniogen ami nutrients present in the intercellular sjiaces 
in the region of the mammary gland. This action of estrogen explains the so-called 
“local action^* of estrogen in [iromoting mammary growth reported by I.yons^®^, 
Speert*®^, and otiicrs. Tliis action of estrogen is dependent upon the presence of a 
circulating pituitary mamniogen. 

Summarizing, while the rate of mammary growth may lie influenced by many factors 
(for example the thyroid and adrenals), the mammary gland is the specific target gland 
of the pituitary. The ovarian hormones, estrogen ami progesterone, act on the pituitary 
to stimulate increased amounts of mammogenic factors. Estrogen in addition causes 
an increased hyperemia and permeability of the vascular system. 

The mammogenic hormones arc protein in nature. Their possible identity with 
other pituitary hormones lias not been fully investigated, although it is probable that 
the lobulc-alveolar-growth factor is not the same us lactogen, thyrotropin, or gonado- 
tropin. 

As regards the mechanism which initiates lactation, it appears*®® that estrogen is the 
primary stimulator of the lactogenic hormone produced by the pituitary. During 
pregnancy progesterone checks the estrogen action. At parturition progesterone pro- 
duction decreases, the inhibiting effect on estrogen is removed and lactation proceeds. 
Once lactation is established, the stimulus of suckling or milk removal reflexly stimu- 
lates the periodic release of lactogenic hormone from the pituitary. 

It is not possible to discuss the influence of prolactin administration on the cffiuency 
of milk production. All that wc know is that injection of a crude extract*®^ of the an- 
terior pituitary gland, and in some cases stilbcstrol, may show, among other effects, 

initiation of milk production*®*. 


Corner G. W. in Edgar Allen’s, “Sex and Internal Secretions”, and Am. J. Phy- 
Goniy °T Turner C W., and Reece, R. P., Proc. 5oc. Eip. fiioZ. iVed., 36, 286 

(1937). ’ • 


““Mixner and Turner''"’ 

Lyons, W. R., Proc. Soc. Exp. Biol. Med., 44, 398 (1940). 

711,719,726,340 (1942). 

crystalline protein with high 
lactogeniractivity’’r'^c^^^^^ a<=tivity of the crystalline 

product does not exceed that of the cruder extracts Renerally employed. 

'0. Turner'"*, Asimoff, G. J., and Krouze, N. K. “^ctogcn.c preparaUons from the 
anterior pituitary and the increase of milk yield in cows , J. Daipj Sa., 20, 28J 
(1937) PoHpv a T and Young. F. G., “Stimulation of milk production by prolactin 
in the 96 (1937). Kay H. D., “The biochemistry of milk 

secretion”, J, Roy, Soc^ 86, 841 (1937), and others. 
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7.2,1: Some applications of sex endocrinology. The ovolutioTiary and agricultural 
a(lvantng(‘ of this complex process of sexual reproduction— as contrasted to asexual and 
other simpl<‘r repnxiuetive methods not involving the complex ncuro-endocnnc mecha- 
nism (see Sections lO.S and l().l))-is that it promotes most diversification in the off- 
spring. This favors the best evolutionary and agricultural selection, or “survival of 
the fittest”, under the given environmental conditions. The improved breeds of farm 
animals and plants were, of course, achieved by such selection from variant individuals. 

each a carrier of highly diverse genes. . i-. t 

A curious feature of some practical importance is tli<‘ difference in sex mortality, in 
man. at anv rate, the male mortality is consistently alxive that of the female, and the 
same appears to liold for otl.or mammals. One possildo explanation for the higher 
main mortality is tliat tlio (maternal) female hormoTies may exert a lastmn injury on the 
male offspring during his physiologieally iirolonged sojourn in nlo-n. that is, assuming 

an antagonism between female and male hormones. 

That there may be an antagonism lietween male and female sex hormones (depending 

on dosage) is indicated by the facf” that of tl.e twin calves of ojiposite sex, the female 
(called “free martin”) seems to lose her sex function iiermanently by prenatal com- 
mingling of the blood of the two sexes, rituitary gonadotropins are produced pre- 
natally, as indicated by the sex-stimulating effect of fetal pituitaries''". There is other 
evidence of sex-hormone antagonism, as indicated by atrophy of male genitals by in- 
jeeting large amounts of female hormone^**. However, the male organs are also in- 
jured by injecting male sex hormone”-. 

It is more reasonable to attribute the higher mammalian male mortality to his con- 
stitutional difference— to his liaving one unpaired or X-chromosonic. It is generally 
known that there arc two kinds of mammalian sperms, female-producing, having paired 
or even number of chromosomes, and male-producing, liaving unpaired or odd number o 
chromosomes (the opposite is true for liirds and butterflies). Mammalian males having 
only one, the X-cliromosomc, carry as dominant some characters which in the female 
are masked by the complementary genes in the V-chromosomes. Some of the unmaske 
characters, such as hemophilia, are very dangerous in the male but harmless in his 
mother because of protection by the complementary Y gene in the female chromosome. 
Color blindness and baldness are well-known harmless dominants in men which are 

recessive in women. 

The literature on the influence of experimental manipulation of sex-hormone 
level on growth and development is large and confused because it varies with 
species, race or family within the species, individuals within the family, sex, 
age, length of time of hormone administration, period following the hormone 

administration, hormone dosage, diet, and so on. 

By way of introduction it may be recalled that, in general, development or 

maturation is more rapid in females than in males"^ also that breeding fe- 
males often grow to be larger than non-breeding”-*. The results on human 

109 Newman, H. H., “Twinning’*, Univ. Chicago Press, 1023-4. 

”0 Smith, P. E., Anat. Rec.y 43, 277 (1929). 
m Matthews, C. S., et al, Endocrinology y 29, 761 (1941). 

“2 Wilson, J. G., and H. C., /d., 33, 353 (1943). mho-tx g u r a 

”3 Cf among many others, Latimer, H. B., Anat. liec.y 40, 1 (1927); Spar^, C. A., 

and DawsZ, A B., Am. J. Anal., 41, 411 (1928). Silberberg, M. and R.. Endocr., 29. 

Physiol., 82, 318 (1927). Cole. H. H-, aiid Hart G. H., Am. 
J. Physiol, 123 , 689 (1938). Bogart, R.. cl al. Id., 128, 355 (1940). Silberberg, A . 

and R.”* 
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growth (see Fig. 10.02, the ratio of the growth rate of girls to boys) are in 
agreement with tlioso on other mammals. (Issiticatiou tends to bo somewhat 
more rapid in girls than in boys, even during i)renatat and prepubertal lifc"^ 
and the onset of pulnaty aeeenluates these dilferenees'“''. 'I'ho dilterencos 
between the sexes evidently are ixirtly genetie, and ind('pendent of the sex 
hormones, since, as prex iously explained, there are prenatal and prepubertal 
developmental ditYerences which extend to differenees hetwei-n early goriad- 
ectoraized males and females; there are also sex differenees resulting from 
hormonal action, since the pattern of sex behavior in each sex, esiiecially in 
the female, is influenced by administration of sex hormone from the opposite 
sex. 

The foregoing introduction may be useful in interpreting the experimental 
data on the effects of gonadectomy ami sex-hormone administration. 

Estrogen administration to normal females for considerable i)eriods tends 
to inhibit growth of the long bones, thereby retarding growth'^’, rrecocious 
sexual maturitv in girls is often associated with short legs"*; on the other 
hand, excessive limb growth has been checkerl by estrogen administration"'*. 
Estrogen administration to growing mice inci’eased the breaking strength of 

bones’^® but did not affect the bone length'-'. 

The influence of sex-hormoire admirristratiorr or rcmor-al may be by the 
intermediacy of the pituitary'" and thyroid'-*, which lead to rate differ-errees 
in epiphysial closure, ossificatioir of the bone matrix'-^, agirrg of cartilage *, 

and so on'“. 

Progesterone tends to neutralize the estrogen effects''*.^ While estrogen 
depresses the growth r-ate, progesterone stimulates it'-’. Phis may explain 

"‘Gi-eulth^f W^ 13 (1940) : 2?«rtocr 30. 1023 (1942). 

See also, Pryor, J.'W , AnaL Rec., 26. 257 (1923). Francis, C. C., Am. J . Phys. Anihrop., 

27, ^817 (1939). ^aid^dtlmour, F. E., Proc. Soc. Exp. Biol. Med., 

28, 5toTi93iV; Am. / Anal. ’id', 129 (1932). Zondek, B., Lancet, 2, 842 (1936); Am. J. 

«» Goldzieher, M. M., ./• Clin Endocr 1, 924 (l^lh 

Gardner, W. U., Endocr., 32, (111^3); / 21, 193 (1J43). 

Silberberg, M. and II-, Am. /. Anat., 69, -J ( q, 'Uoy /loos'! • .i,n j Phvsiol 98 

511U93‘r'Ldh“B‘,*iZTiA'oi'i ■n,,l.in8tein','n.'S.,,I«(., 

f I.-, "S’-K' »“>■ 

m ‘’aS'’£ . tI 45^(1940); Endocr., 29, 475 (1941). 

S'lbwberg M. and ll., Ana^. ; H. R., /. Clin. Endocr., 1. 507 

irdsl R R , and Keiter, K-. « - ’ 

R. S , et al J.Clin. , 128. 355 (1940); ./. A^r. Rea., 60 , 847 (1940). 

Sim n“ ■4ror/a<r& {mi)-, Endocr., 29, 475 (1941); 31, 410 (1942). 

ouberberg, M. «and R., Aren, i ain.^ ox, oo \ n(\±o\ nqrfinpr*^* 

Gilman, r, and Stein, II. 31, 187 Uirdner . 
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^ bioenergetics and growth 

the fact tl,at proR-nancy slimulalos the gvotvUi of the mothcf'=* despite the 

itipvp'ischI ostroiii^ii production nl that tin^c. i.*^„ 

( ioividoctoinv in males is usualh' followed by immediate growth retardation, 

allholnl 'df ilie Rtowth accolera.io,, may cosult-. Gonadectoe.y 0 fe- 
males on llie otlier liaiid is nsually followed by mmediate growth accelc.atio , 

although there mav be later growth retardation'^ ’ . mltiKit 

Oi ariectomy proliably stimulates growth by removing the 

cauls on the age of ovariectomy. Freudenberger'- ovariectomized 47-g 
rats at age 4 weeks a\t the age of G weeks the ovariectomized rats weighed 
4 ler cent more, at 7 weeks 8 per cent, and at 13 weeks 20 per cent tha 
the noim al con rols (the ovariectomized rats weighed 205 g; the controls 171 

Ise of thrcontrofby 77 per cent for thymus 23 J- 

cent for pituitarv, 17 per cent for lungs and digestue tiact, 13 pe 

heart and liver, 10 per cent for thyroid and adrenals, 8 per cent foi kid j , 

and 4 Der cent for body and tail length. . 

‘ While early gestation stimulates growth and increases ^ he /nature size 0 ^ 

the mother (Fig. 7.4), early breeding of dairy cattle'”, swine , an ® 

retards giwlh because of the draiu of i.eavy iactation (not J 

larinyrnLirreac^ normal size, often su,«r-normal size'-*, ,f properly ted. 

Clc Har... bred young rats a,.„ t.un.l » 

growth of the immature mothers. owe c , .. . average litter size in this 

6 young, and the mothers had access o an c\cc . Xhese investigations report 

of rats was reported to be 1 .6 w db a te eomfoTs of the mother, 

r" s..m,lu, between ceurrm. 

■'i;rs;;;n;;ySart"< ooss), Bosari, (>»«)■ s- a-. " »' ■ 

Univ. Agr. Exp. Sta. , 900 ngogv 7, 183 (1913). Van Wagenen, G., 

Stotsenburg, J. M., Anal. Rec., 233^1 Aaa<. Rec., 80, 137 (1941). 

Am. J- PhysioL, 84, 461 (1928). Rubinstein . g» Pkusiol. 93, 307 (1930); 82, 318 

Stotsenburg'”, Slonakcr, J. ., ^ (igas); Pr’oc. Soc. Exp. Biol. Med., 

rt two. Asdeb. S. A., « »!.'» IWl. 

” ISto "C h" U,.!rM‘id Agr. Esp. Sta. Boll. 135, 1915; Eckles, C. H., a.d 

1 ” Cole and Hart"*. 
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in virgin controls iiud rats rogularly tivatcd witli luaxiimiin stimulating amounts of 
growth hormone". As previously noteil, the giowtli-stimulating effect of pregnancy is 
also attributed to progesterone ratlier than to pituitary growth hormone. 

While ovariectomy tends to stimulate growth (l)y removing the inhildting 
effect of estrogen), orchideetomy (testis remo\al) tends todepie.ss giowth and 
mature size'’®. Stallions and bulls tend to he larger than geldings and steers. 
This harmonizes with the previous statement that within limits androgen, but 
not estrogen, tends to increase growth and mature size. There are some ex- 
ceptions; when ovariectomized or orchidectomized eaily enough, man tends 
to be above normal height because of ilela>- in epiphysial closure. 

Farm male animals are castrated in order to reduce restlessness and spon- 
taneous activity'” (which is, of course, at a feed cost), to facihtatefattening, 
to increase palatabilitv of the meat, and to increase the dressing percentage 
The data in Tables 7.1 and 7.2 on the growth of normal and castrated 

lambs'” and domestic fowl''" illustrate the situation. 

We shall close by considering the ciuestion whether or not se.x homoncs can 

increase reproductive efficiency in good, normal farm amma,ls hy sireedmg up 
the reproductive process. Theoretically, breeding may begin earlier and 
animals may be induced to produce larger litters. Actually, the noima 
breeding age in good, normal animals is probably early enough and the normal 
litter size is probably large enough for the mother’s capacity -. 

Donaldson, H. n., and 

llZy' ^0^r»iT.‘rnd FiefdA U.,1 , 2. 715 (1942). Dorff, G. B.. 

/. Clin. Endocr 1. f ^ reported that in female rats gonad- 

ectomy decreased voluntary aoUvity "P ,jg24Vreported that in male rats gonadectomy 
(ser. 2) «6 (1923) ; Am. Aq arahsf 68. 36 (19^)) ^ePor«^ gonadectomy in rats and dogs 
decreased voluntary activity up to 60 per c ^ ^ Buskirk, E. F., (Am. 

decreases the basal metabolism, cent which is close to the limit of error 

/. Physiol 84 , 321 (1928)1 by papers C the influence of sex on sponta- 

in metabolism measurements in rats. P P^^^ jyg (1935). Richter, C. P., Comp. 

neous activity: Slonaker, J- p '* 2 307 (1927). Stier, T. j. B., J. 

cln^p' , and Simond, A. E. Endocrinology, 10. 349 

Gen. Psychol., 4 . 67 (1930). nug , . • of sex and sex hormones on basal 

(1926). There is a large literature , ■ ; jj.ation of testosterone may increase metab- 

raetabolism. Depending on j ‘ndividuals [Thompson, W. O., and Heckel, 

olism by perhaps 30 per cent in enunch Meeting Assn. Internal Secretion, 

N. J../'A‘:Af.A.113,2124 (1^9 1 93U^ Lee, M. 0., Am. J. 

1^1. Sandiford, I., el al., J. variation in B. M. during estrus cycle. Mitchell, 

Phys., 86, 694 (1928) mtes a 19 Per cen 1927 (737 Cal/met for capons and 852 

H. H., and Card, L. E., World’s PouRry Congress (castration reduces 

for cockerels).' Chahovitch X., Compt. ^ p ^ Benedict. F.. N. H. 

metabolism to 30-40 per cent). ,9’ ’ cent reduction in metabolism of sheep on 

Agr. Exp. Sta. Tech. BuH. 64. 19f (|;;yiV9®^288 (1943) (menarche in girls and metab- 
castration). Shock,N.W.,.Am././«ys •> 6,21,158 (1925) (castration affects 

olism). Korenchevsky, V., British J. -bxp. lain, u, , 

energy and N metabolism)] p cfa Bull.. 1938. 

Hunt, W. E., €t al., ® ' Sta^ Bull. 235, 1920. For more extensive data 

Waite, R. H., Univ. Md. : roosters, capons and pullets up to 38 weeks, 

on relative growth and feed consump ^ difference). 

see Annin, G. E., and Halpm, J. V 7 27 942). 

Philfips, R. W., et al., J. Am^nal Sci. 1. ^7 
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m* s^iinprfocuritlitv in iUcimniSrls 
There is a large literature on ‘ ■ j^g,.,3 Casida”' obtained twin- 

treated with various j. , -eel by artificial insemina- 

.„d T,oginova» i„d„cc,l . c ^ ^ M taplLtccl e.- 

ewes «ith pregnant-marc sevnm. Lngic 0 )tm, M p 

,,y„s on the ninth day not tmusnal. Evans 

rnst"’:, ;::™.:"n1:s'no. mereaso the m.mher horn.. 

0,.«ra.e;.,»O;.^, cares. Weight. »d Br.ssiag^ 


Age (weeks^ 


Live weight (Ibsl 


Carcass weight (lbs) 


Dressing, per cent 


5 

10 

15 

20 

28 

36 

44 

52 


Rams 


37 . 6 
53.0 
57.8 

80.7 
81.3 

95.7 

89.8 
102 


Wethers 

34.7 

56.3 

50.8 
77.1 

74.9 
80.5 

90.3 
101 


• 1 

1 Rams 

1 

Wethers 

' 19.4 

17.7 

‘25.5 

28-0 

26.9 

23.4 

38.5 

38.7 

37.9 

36.9 

45.5 

44.2 

42.9 

46.2 

48.0 

50.0 


Wethers 



I 1 ^ nnd 21 controls. Growth and feed consump 

' ■ I 


Weight (lbs) 


Age (weeks) 

« 

Capons 

Cockerels 

Capons 

Cockerels 

9 

14 

18 

23 

27 

32 

36 

42 

44 

47 

1.10 

2.23 

3.19 

4.71 ' 

4.86 

5.77 

6.24 

7.13 

7.42 

7.76 

1.13 

2.25 

2.99 

4.73 

4.85 

5.58 

5.98 

6.58 

5.19 

6.79 

4.57 

6,09 

6.28 

7.62 

8.80 

9.43 

9.25 

5.30 

5.94 

4.75 

5.83 

6.23 

7.00 

8.68 

9.41 

9.47 

5.19 

5.39 


Feed consumed (lbs) 


Cole- induced early sex maturation and pregnancy in “ 

rptSus“in tlfese tamature rats was up to 28. One rat uterus eon- 

.« Cole, H. H., Am. /. Physiol, 119, 704 (1937). Casida, L. E ., et al, Am. J. Vel. 
Res., 4, 76’ (1943). ^ Prod., 33 Annual Report, p. 302, 1940. 

Z T ’ T ^' Proc " sJ ’ ll ? BS '^ ( S ) 1 Endocrinology, 16, 405 (1931). 

1" |"vlns, li m! Am^Anat. loo . Spring Meeting, 1940. 
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tained 26 normal fetuses on the seventeentli day of presnaney; anotlier had 
23 living fetuses on the twenty-first day. In some eases 17 living young were 
born. The young mothers were not injured by the early pregnancies and ex- 
traordinarily large litters, but actually increased in Innly weight ami in length 
beyond the control animals. 

An interesting aspect of Cole’s experiments is that the influence of pregnant- 
mare serum gonadotropic hormones on litter size in rats rapidly decreased 
mih the age of the mother. In mice"‘% on fhe other haml, superovnlation 
was induced in mature animals with pituitary implants, and in cats"' by sub- 
cutaneous injection of F.S.H. followed l)y the intravenous injection of b.ll. 

Research is being conducted on the induction of fecundation in seasonal 
breeders, especially sheep, during tin' non-breeiling seasoii"’. I'.strogen 
administration (stilbestrol and pregnant-mare serum) led to off-season estms 
and ovulation but not to fecumlation in sheo]!''’'*’. Adjusting the liglit-to- 
dark ratio to simulate the natural-breeding .season seems puanising in ^ iew of 
the results reported bv Bissonnette on goats and other species (C h. 8). Ihy- 
roid administration is said to be promising in inducing breeding during the 

non-breeding season'^*. 

Minor applications are under investigation, such as the treatment of re- 
current or threatened abortion with inogesterone'-’-. 

Summarizing, this .section (7.2) outlines the role of .sex hormones in repro- 
duction, efficiency of agricultural processes, evolution, growth and de^■elop- 
ment and life in general. The reproductive jnocess, however, is not dependent 
on sex hormones alone but on all hormones acting in harmony, as well as on 
’diet, and on season. This section is, therefore, incomplete by itself ; it must 
be considered in conjunction with all the other sections in this chapter as well 

as with chapters G and 20 (nutrition) and 8 (seasonal effects). 

The endocrinology of reproduction illustrates a frequently encountered 
pattern of endocrine action. The reproductive process is under the control 
of the gonads (ovaries and testes), and the gonads are under the control of 
the anterior lobe of the pituitary. In addition, other endocrines, for example, 
the thyroid and the adrenal cortex, participate in the reproductive and lacta- 
' tion processes. The gonadotropins and sex hormones arc produced by the 
pituitary and by the gonads respectively ; but gonadotropins are also produced 
by the placenta and perhaps other tissues, and sex hormones may also be 
produced by the adrenal cortex (Sect. 7.4). The gonadotropins are usually 
excreted with the urine ; but in gestating horses the blood is very rich in 

Engle, E. T., Proc. 
Set,, 32, 308 (1942). 

Warwick, E. J., and Caaida, L E., EndoennotoM, 33, 

Frank, A:H,, and Appleby, A. J..£nmaJ S«., 2. 251 (1943). 



Turner 
Katz 


er, C. W., unpublished 

, J., et al.,J. Clin. Endocr., 1, 838 (1941). 
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fioiKiaotropins'-'l Vet, unlike gonadotropin in women, it is not excreted in 
tl„. urine, perhaps l.eeause, unlike other gonadotropins, the mare s placcn al 

g„„ado,ro,nns are more eomplieateil. and are apparently , 

'Ihe -ex liornioiies are thought to he excreted m the urine; but stallions a 
bulls exerete inostlv female, not male, sex hormones; perhaps the hoi m ones 
,u the urine are not the original sex hormones There are -Klontly jeci^ 
sex and age diilVrences. There arc rules and rule exceptions. Ihc maie 
bloiid-serum gonadotropin is apparently very potent; Us intravenous injec- 
tion in 3(i women on varying .lays of the menstrual cycle 

7 3; Energy-metabolism hormones, thyroid and adrenal-medulla. A ho 
mones are energv-nietaliolism catalysts. This section is concerned with the 
"rknmvn en;rgv-nietal,.,lism endocrine, the thyroid, with brief notes on 
the adreiial-meduila, and on their interrelations with other endocrines and 

\\\{h tlie nervous svsleni. • i x 

\s might be expected, there is a large literature on the thyroid, its anat- 

evolution'-’b cheniistry'»h pathology'^®''"®, and so on. 

7.3.1; The thyroid in growth, development, milk production, and egg pro- 
duction. Modern thvroid research, that is, one involving thyroi lemoxa 
:“r”iacc.mc,.t tl,cn>,.y, boga,. ovc.- half a century agua., t ,s now gener- 
,,llv known tlial myxedema is assoeialed with thyroid loss or deficiency in the 
adult and cretinism with tliyroid absence or delleiency from early hle^ On 
administration of Ihyroaetive material, develoirmenlal normalitj may 

rpsumccl under cortuin conditions. • i * • r 

'This situation is demonstrated by surgical removal of thyroid m m^ ^ 

animals and noting the course of growth and development of the an mal xyth 

and without thvroaetive medication. Fig. 7.5 represents a recent attempt to 

priKlnee ere.in 'ea.tlei" by snrgieal removal of the f f 

formal aih the energy metabolism iwr unit urea 40 per cent below the normal 

“s'ilnllar results are available on rabbits, goats, sheep-, ndee-, guinea 
pig.s>«, cats''^ rats•^■^ monkeys‘*’b dogs'*'*, chickens'**, and other species . 

tr...m.nt," c. c. 

Thomas, 1036. f ” Farrar and Rinehart, 1937. 

limiwwn C, R “'Tte thyroid gland, il^ cheinislrj and physiology," Oxford 

"Th. thvroid and 

“ S; sV?d Mis’souri Agr. Exp, Sta, R.s, Boll. », 

1942. „ Rncuippr H R “Control of cretinism,” Univ. 

Chk?grd\Stadon'P£te on author's copy); siieep and goats, Todd, T. W., and 






Fi., 7,5l,-Comp..i.on of tl,„.oiJ.ctoo.i.o<i on, I norm.l .lorsoy coHio of ihc somo ogo. 




Fig. 7.5a— Comparison of thyroidorlomizcMl ;in.I n.>rin;.i .liMsrv caHlr af llio same agt 
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■jf r'()ini)aiis<>ii i)f tliyioi(l('cti)ini7,(>(l ainl normal .lorsoy 



The thyroid is indispensable for amphibian metamorphosis. Ihyiokl 
ectomized tadpoles grow in size but d^ot metamorphose into frogs . Un 

i“ sKS-M: ht. C.,’phelp», D., »„d 

p g Q„rt. Ret. 

BM'XSi^y‘tinel^B !’R.:A,!a ire.i. Nu,l. 11, « (1941). •Fishboar.e, 

M., EndocTinology^ 22, 122 (1^38). ^ 

Fleishchmann, W., el al, 
i'9 Binswanger, F., Endocrtnologie. n, 

S.“™Tt. N.\ EpfcriSkli, « (1938). Ilunler, M. W.. ...d Spwip, I>. B., 

Alta'i)'. M. 755 (1916), Hopkins, E. R., nnd M. M., dn«I. Rtc.. 24. 
395 (1917 v’ 
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the other hand, fcciUng tliyroid to small tadi)olos metamorphoses them into 
pigmy froglets^'^ Iiukvd, owo assay motliod for thyroid activity is to deter- 
mine the dosage for transforming a tadpole into a frog^^^ The Mexican 
aquatic lizard axolotl normally spends its life in this (“tadpole” or larval) 
form. On feeding thyroid it is changed to the terrestial (lung-breathing) 
salamander (iiradele) ambystomOy and this metamorphosis is likewise used as 
assay for thyroxine hormone^"'*. It is evident that the thyroid lias develop- 
mental and differentiating factors as well as growth functions. 

Cretin animals have a typical appearance : short legs, short dished (Imlldog) 
face, rough dry skin and hair, “pot-belly”, and so on. Sheep thy roklccto- 
mized between one and fi^'e months developed some characteristics of piimiti\ e 
sheep. The long bones and epiphyses fail to grow out. The effect of thvioid 



removal depends on the age at which it is performed In our «Pc™n=e'" 
the earlier the age of thyroidectomy the more severe the resuHsn>. although 

Hammett^’® reported the opposite. r xi, au * i a 

About 1895 Magnus-Levy'” discovered that loss o the thyrojd may reduce 

the basal energy metabolism by nearly halt, and that suitable thyroid feeding 

■nOudernatsch, X,.. X «. 431 I'f t' 

» liSi." B .ndMcCuliagh, D. li,, J. Frprr. n.rop, 

68, 386 (1936). ’ , o- ; a i nQ 24 ) 

"* ^aul, E. A., Brit. J . Exp. ^ ii9 (1913); 14, 161 (1924). Salmon’’” 

,, "‘Cy. Simpson, S., W- L.. Endocrinology, 32, 238 (1943). 

(1938); Endocrinology, 291 (1941). !« i fig^); 76. 69 (1926). 

Hammett, F. S., Am. ’loLcft 32 , 650 (1895); Deut. Med. Wock., 22, 

. "’MagnuB-Levy, ®%*I"n£‘/l’g 97 ) ^For review of the literature, see the latest 
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may almost double the metabolism. Metabolic rate was, therefore, generally 
adopted as a measure of thyroid function. More recently, thiourea and re- 
lated anti-thyroid compounds have been investigated as assay agents''*. ^ ^ 
The acceleration of Ixxlily oxidation is, however, only one of the thyroid’s 
catalytic manifestations. Dinit rophenol may be used to raise to normal the 
energy metabolism of a thyroidectomized animal but not the growth or de- 
velopment rate. In fact, all anabolic processes are retarded by thyroidec- 
tomy, including the rates of digestion'-*, peristalsis'**, assimilation, especially 
of carbohydrates'*' (perhaps associated with decreased phosphorylation), 
circulation rate'*', milk production'**, egg production'*', muscular activity***, 
nervous iiritability'**, and so on. There is a possibility that the thyroid 
elaborates more than one active principle, perhaps one which accelerates the 

pulse rate independently of increased metabolism' *b 

Hypothyroidism is associated with a tendenc}' to fattening. This suggested 

the investigation of the influence of partial thyroidectomy, surgical or perhaps 
by anti-thyroid drugs (as thiourea) administration, on the fattening of farm 
animals. Partial surgical thyroidectomy is said to yield desirable results in 
fattening steers'**, and also pigs'** thyroidectomized when weighing 30 to 
40 kg, but not at later ages. Zorn'** concluded that the feed utilization was 
shifted to a lower efriciency level, from muscle and skeletal growth to fatten- 
ing. (It retiuires more dietary energy to produce a calorie of fat than of car- 
bohydrate ; the exact cost depends on the nature of the diet, age, and other 
conditions.) The term “fattening” under these conditions is ambiguous un- 
less accompanied bj’ data on the composition of the gains'**. 

It is human to assume, as did Moussu'*' in 1899, that if some thyroid is 
essential for normal growth, a little more thyroid would result in supernormal 
growth, and he indeed reported acceleration of the growth rates in normal 
dogs by feeding small amounts of thyroid tissue. The growth, however, 

08 Dempsey, E. W., and .Vstwood, E. B., Endocrinology, 32, 455 (1943). Turner, C. 

W nnd Reineke, E. P., unpublisiied data. 

179 Eidinova, M., -Vcd. Exp/i. J/. 5.5./?., 1. 316 (1936). i- xx nnd 

180 Althausen, T. L., Tr. Am. Soc. Study Goiter, (1939) p. 37. Castle|on Jv. B and 
Alvarez, W. C., Am. J. Dig. Dis., 8, 473 (1941). Morrison, S., and Feldman, M., Id., 

m\lthausen, T. L., and Stockholm, M., Aw. J. f 

i ®2 Abramson, D. L., and Sidney, M. F., Arch. Int, Med.^ 69, 409 (1942). 

183 Graham, W. R., Jr., »/, 7, 407 (1934). ^ tjoc Rnll 

.81 Winchester, C. F., Endocrinology, 24, 6^ (1939) ; Missouri Agiv Exp. Sta. Res. Bull. 

315 1940. Taylor, L. W., and Burmestcr, B. R., Poultry 5ci., 19, 326 (lyO). 

1*® Hail, V. E,, and Lindsay, M., Endocrinology, 22, 66 (1938). Lee, M. 0., a 

Buskirk, E. F., A?/i, y. PA(/smL, 84, 321 (1928). -x ■ fi.x. mf ’» Fndo- 

lu Brody E B., “The thyroid and variability of muscular activity in the rat, Ena 

, K <r U) P 

.88 Andrews, F. N., and Bullard. J. F., Proc. Am. Soc. Animal Production, (1J40), P- 

112; J. Am. Vet. M. Assn., 102, 376 (1943). 

18’ Zorn, W., Zuchtungskunde, 14, 376 0-?39). 

1” Cf. Simpson, E. D., Proc. Soc. 

Moussu, M. G., Compt. rend. soc. btol., 61, 241 (1899). 
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stopped earlier than ii\ the controls, ami inalurc siz(> was slip;htly sulrnormal. 
This 1899 result on dojis was cotilinucd in 192d hy Dott’-'-. 'I'lix ioid imalica- 
tion accelerated growth, ami was followed 1>\- preiiiafure et-ssation of growth 
with ultimate somewhat suhuormal size*. A eousideral)le literatuic has ile- 
veloped since Moussu’s reiiort. 

Much of this literature''''* on the inlliience of thyroid administration on 
growth is conflicting because ot the variability ot the thyroid ettect with 
species, age, sex, external temperature and ]iarti(‘ularly dosage. Iherc is one 
physiologically optimal thyroid-dosage level. Below this level the results are 
not impressive because the animal’s thyroid probid)ly reduc('s its own hormone 
production in proportion to the amount of thyroid administered (in accord- 
ance with the principle of homeostasis, Ch. 10). Above the optimal level, the 
catabolic effect of the thyroid hormone o\'erbalances the anabolic effect ; in- 
deed, the extra hormone often becomes toxic. 

This optimal thyroid dosage, moreover, varies with the external tempera- 
ture”< (Ch. 11) and with the species. Thyroid administration increases heat 
production; therefore, animals having a good heat -dissipating mechanism 
would naturally be expected to do l^etter under thyroid treatment than species 

not so well equipped for heat dissipation. 

Then, too, thyroid administration increases the neuro-muscular irrital)ility 

in particular and variability in general'*". This is not unexpected, sm(x> 
thyroid accelerates the metabolism of nerve tissue'"’ and aftects coriesponding 
neuromuscular activity'"", cortical alpha rhythms'"', thresholds to light and 
sound'"" and so on. This exaggerated variability of hyperthyroid animals 
complicates the interpretation of the results of thyroid-hormone adminis- 

tration. 

There is a particularly striking species variability in the reaction to thyroid 
administration. Thus the growth rate of mice is increasec by a certain thy- 
roid dosage. This was observed by Robertson'"" (who fed the ";q'>'valent of 
19 mg fresh thyroid per animal per day), and recently confirmed-"", by daily 


* 

related 

to 

see also Silberber,, M; 
E. B., Endocrinology, 32, 455 (1943). (Thyro.xine 
of hyporfrophy >vHh thioora.il otoi.i,. 

'••Hall, v', and Lindsay, M., Endocrtno w 22, 6b (193J). 

Rosa, D., and Schwab, R., U., 26. 7o (1938). 

Asher, L., Ohio J . Sci.j 37, ^9 ^ r,*J‘ AfpA k 69 fl928) 

RobertsoA, T. B., Auslr. Exp. Biol. Med., 5, bJ 

Koger and Turner^*’. 
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injection of 0.01 to 0.03 mg crystalline thyroxine). The mature size was not 
changed; only the maturation rate or early growth rate was accelerated, 
'rhyroid administration to young mice and dogs accelerates the growth of the 
eiui)hysial cartilage and thus leads to premature epiphysiodiaphysial union-®'. 

Rats might be expected to react to thyroxine as do mice. But Roger and 
Turnor"®® could not accelerate the growth of rats, guinea pigs, or rabbits by 
any thyroid dosage. There is evidently a species difference. Moreover, 
ditiferent strains of rats reacted differently to a given thyroid dosage and 
females ajipeared to tolerate the hormone better than males""-. The growth 
rate of the smaller breeds of domestic fowl is apparently accelerated by thy- 
roid administration, but not of the larger""". 

The growth of some children is accelerated by feeding about 1 grain (65 mg) 
of desiccated thyroid per day. This favorable response of some children was 
explained by one author as due to a “ masked hypothyroidism ”""b The results 
are suggestive, but the individual variations in response cast doubt on its 
significance for the practical acceleration of the growth process. 

A noteworthy observation by Roger and Turner"®" is that the total energy 
stored was the same in the growth-accelerated and control mice, the difference in 
size being due solely to differences in the storage of water, protein, and fat. The 
thyroid-dosed mice had a higher water and nitrogen and a lower fat content. 

The other thyroid-feeding effect, long knowm, is hypertrophy of the heart, 
liver, spleen, and adrenals"®". The pancreas tends to hypertrophy and the 
insulin content is increased""". Of course, the thyroid gland is depressed""" 
(Sect. 7.1) in accordance with the principle of homeostasis (Ch. 10) and so 

is the pituitary""*. 

As regards the influence of thyroid on other productive processes, it is 
generally known that thyroid medication is useful in some cases of human 

2“’ Fiilkenheim, M., Am. J . Physiol., 136, 175 (1043). Dott, N. 

Gudcrnatsch, J. F., Am. J. Physiol, 36, 370 (1915) reported that thyroid feeding 

depressed growth in rats. 

Turner, C. W., unpublished data. ^ ^ t a 

Topper, A., and Cohen, P., Am. J. Dis. Child.,35, 205 (1938). Dorff, G. B ,‘'A asked 
hypothyroidism,” J. Pediat., 6, 788 (1935). Molitch, M., Endocrinology, 22, 422 ( 938). 
Wilkins, L., Am. Med. Assn. , 114, 2382 (1940) ; 116, 2459 (1941) . Lerman, 3.,J .A .il/.A ., 
117, 349 (1941). Thyroxine administration increased the growth rate and heat production 
of dwarf mice, but so did a higher environmental temperature, indicating a non-specinc 
effect [Boettiger, E. G., Endocrinology, 28, 785 (1941)]. Hertz, S., and Galh-Mainini, C., 

J, Clin. Endocr.y 1, 518 (1941). ^ 

2®^ The literature on the effect of thyroid administration on organ size is very large. 

See among others, Hoskins, E. R., J. Exp. Zool, 21, 295 (1916). Hammett, F. S. 
Am. J. Physiol, 76, 69 (1926); Am. J. Anal., 39 , 219 (1927). Korenchevsky , el al, 

^^®i,?Fraenkel-Contrat, H., el al, Endocrinoloay , 30, 485 (1942). Kojimi, M., QaaH. 
J. Exp. Physiol, 11, 351 (1917). Reforzo-Membnves, J ., Endocrinology, «, 262 (IM). 
2" Reforzo-Membrives""® (1943). Cameron, A. T., and Carmichael, J., J. Cfot. Oftem., 

46, 35 (1921). Korenchevsky*^ (1943). , tt tvt i Q:rr^r^ 

208 Pierring, P. T., Quart. J. Exp. Physiol. y 11, 231 (1917). Evans, H. M., and Simp- 

son, M. E., Anal. Rec., 46, 215 (1930). Campbell, M., and Wolfe, J. M., Proc. Soc. Exp. 
Biol. Med.. 32, 205 (1934). 
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sterility-^. It may be similarly useful in farm-animal sterility, especially 
\Yith the less of fertility ilurin^ a^i;ing-‘“. 

imleeil, published spectacular observations on “rejuvenation of 
the aged fowl througli thyroid medication". He iised 5 cocks and 7 hens, 5 
to 8 years of age, “all showing the classical signs of old age". The medication 
consisted in feeding desiccated thyroid equivalent to 0.2 mg iodine per day 
during the fii'st fortnight, 0.4 mg iodine per day the secoiu) fortnight, and 0.8 
mg iodine per day thereafter (“no control pan was maintained", a rather 
serious methodologic deficiency). The hens “quickly started to produce eggs 
at a faster rate . . . head furnishings became red and turgid, the plumage tight 
and close ... all the birds became rejuvenated, looking fresh and being active 
. . . none of the hens became broody during the course of the experiment (12 
months), though six out of the seven belonged to the setting breeds"., Tlirce 
months after cessation of the thyroid feeding “they became progressively 
senile”, two dying from roup and pneumonia, two from peritonitis associated 
with oviduct rupture, one “died of what must be diagnosed as old age, no 
organic lesion was present . . . all the hens that are still active exhibit the 
classical signs of ovarian atroph}' It is strange that no one followed up this 
work in spite of the universal interest in rejuvenation and the cxtiemcly im- 
portant agricultural implications of this observation. 

Preliminary observations**" on two-year old Leghoin hens indicate gieatly 
increased egg production over several months associated wuth feeding thyio- 
active material at a certain level. It is, of couise, known that the thjioid is 
involved in egg production, and that thyroidectomy in matuie fowls seveiely 
reduces egg production**^ which may be restored by suitable thyioid feeding. 

There is also considerable literature^*^ indicating that milk production in 
dairy cattle may be increased up to 20 per cent and fat production up to 50 

..iT S'myS 

1937’. Foster, F. C., and Thornton, J . Snd^rrnoWi, 24, M3 (1939). Ki^, E L , 

and Herring, J. S., J.AM.A., 113, 1300 (1939). Days ^ A ^el al ^kldol^ U' 

Hamblen, 1 C., el al., J. Clin. Endocr. i, “3 a.941). Drill V. A ef a ., Endoc., 32. 

^‘Seke, R and W., /. Pel. Med. Assn., 102, 105 (1943). 

A.7^!^froc. Roy. Soc. Edinburgh, 4B, 252 (1924). Also, Cole, L. I, and 

» ’Turner, ^C“ w^^e7 d.’, “iiSished data, Dairy Dept., University of Missouri, 

wSchester, C. F., Endocrinology, 24, 697 (1939); Univ. Missouri Agr. Exp. Sta. Res. 

^“"GrVam^ W R and Biochem. J., 28, 1968 (1934). He™an H A Graham, 

uran^, w. n., anu Cowsert, W. C., and Ragsdale, A. C., Missouri 

^97>; 1938 and 317, 1940. See also. Jack, E. J., and Bechdel, 
Agr. Exp Sta. Res. Folley, S. J., and White, P., “Thyroxine on milk 

fe. L, /. Dairy Set., i®* the Moo and milk,” Proc. Roy. Soc., 120B, 346 

(lS°*'sSh““j ^ A Dastur, N. N., '‘Thyro.xine and blood lipoids and milk 

fat,” Biochem. ’j.] 3i, 1093 (1940). 
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per cent, at least for short periods on the declining segment of the lactation 
curve, by feeding thyroactive material (15 gm iodinated casein daily). How- 
ev(U-, the ascorbic acid content (no data on other vitamins) in the milk is 

reduced-^ 

From tlie lioincostatic viewpoint (Ch. 10) one would infer that it is not safe 
to meddle with a naturally evolved physiological system by upsetting the 
normal balance, as is done by thyroid or other drug administration. Thus 
long-continued thyroid achninistration tends to lead to thyroid atrophy, 
adrenal hypertroi)hy='®, damage of the circulatory-renal-*^ and hepatic***® sys- 
tems, and accelerate the rate of senescence***®. But, as above noted, such 
injuries, even if present, may be without agricultural significance when, for 
example, thyroid is fed to three year-old hens the last year before slaughter. 

Inexpensive iodinated casein****** and iodinated peanut protein**®* prepara- 
tions are available, as well as crystalline-d-/-thyroxine'"® and also Z-thyroxine-®®, 
which may be used conveniently for experimental and feeding purposes.®®^ 
It appears that Morse-'®®, in 1914, demonstrated that protein treated with 
iodine exerts thyroxine effects. Subseciuently , several investigators--® demon- 
strated the presence of thyroxine in casein and other protein treated with 

iodine. 

It should be noted, in conclusion, that, as might be expected, thyrotropic 
hormone exerts effects (by way of thyroid) similar to thyroxine; thus there 
appears to be a correlation between thyrotropic hormone concentration (in 

the anterior pituitary) and the growth rate®®h 

7.3.2: Other thyroid interrelations. The preceding section was concerned 

with the influence of thyroidectomy and thyroid medication on agriculturally 

Van Landinghain, A. H., Henderson, H. 0., and Weakley, C. E. Jr. Abstracts, 

Meeting Am. Chem. Soc., Sept. 9, p. lOB. r , ,, , « i 70 j noim- Am I 

Reforzo-Membrives™ (1943). Hoskins, R. G., J.A.M.A., 66, 1724 (1910), Am. J. 

^^2>r'Mc’Eache^rn^, D.^ a^nd Rake, D., Johns Hopkins Hasp. Bull^ ^> 273 ^ 

J S., and Rogers, L., Lancet, 1, 486 (1927); Goodpasture, E- W-. J- 

(1921). Mcnne, F. R., el al., Arch. Path. ,11, m{mi). M 

6,579 (1921). Rakc,G.,andMcEachern,D.,J'.Exp..Ved., 64,23(1931). Schultz, ^L P., 

Public Health Repts., July 7, 1939 (p. 1205) Bodansky, M., et 741 

Med., 32, 597 (1935). Andrus, E. C., and McEachern, D., Am. J. Med. Ect., loo, /-ir 

^ 218 Prill V. A., el al., Am. J. Physiol., 136, 762 (1942); 138, 370 (1943). 

21*® Silberberg, M. and R., Arch. Path,f 36, 512 (1943). Oi. -d n u 

Reineke.E. P., and Turner, C. W., Univ. Missouri Agr. Exp. Sta. Res. 

1942 (full history and bibliography). Reineke, Williamson, M. B., and Turner, J. 
CAem., 147, 115 (1943) ; J. Clin. Endocr., 3, 1 (1943). ' 

221 Blaxter, K. L., Nature, 162, 751 (1943). 

222 Reineke and Turner, J. Biol. Chem., 149, 555 (1943). 

223 Reineke and Turner, Id., 149, 563 (1^)43). 

22< Reineke and Turner, J. Dairxj Sci., 26, 393 (1942). 

225 Morse, M., J. Biol. Chem,, 19, 421 (191^. %aa 

See, for example, Harrington, C. R., and Pitt Rivers 11. V., Nature, 144, 205 (1939). 

Ed. in J.A.M.A., 116, 46 (1940). Reineke and Turner.**®^”* 

Turner, C. W., and Cupps, V. T., Endocrinology 2i, 650 (1939) > 2®- ^ (1940) 
Elijah, H. D., and Turner, C. W., Univ. Mo. Agr. Exp. Sta. Res. Bull. 357, 1942. 
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productive processes, growth aiul development, egg pnulurtion, and milk 
production. This section is eoncerned witli t>lher thyroid interrelations, 
particularly those with diet and witli other hormones. 

A. Thyroid and nutrition, 'riivroid ailministration, or hyperthyroidism, 
accelerates all metabolic processes. Hyperthyroidism is conseciuently asso- 
ciated with a correspondingly increased neetl for all nutrients — i)r()leins, 
minerals, and vitamins. If the calorie and protein needs are satislied but 
the vitamin needs are not, hyportliyroidism ob\ iously will be associated with 
and show symptoms of livpovitaminosis. Such cases luive been definitt'ly 
reported for thiamine--^- and less definitely for pyritloxine and pantotlienic 
acid"®. The cardiac symptoms-^" (bradycardia and tacliycardia) and liepatii' 
damage (particularly low liver glyeogeiv^^) associated with livperthyroidism 
are confused by the cardiac and hepatic syndrom associated with insuffi- 
ciency of the B vitamins, particularly of thiamine. 

AVhile there is a large literature-^- indicating some “antagoni.sm” bctw'eeii 
thyroxine and the B vitamins, this may be true only in the sense that thy- 
roxine accelerates all metabolic processes, with a consequent increase in 
need of the vitamins. Hypovitaminosis effects are probably secondary to 

primary hyperthyroidism. 

Hyperthyroidism increases the requirements for vitamin A, as foi othei 
vitamins. But there are, in addition, other interi elutions between \itainin A 
nnd thyroxine. One of these is that vdtamin A deficiency leads to th 3 ’'ioid 
hypertrophy and degeneration of the epithelial cells-^^. This, howevei, is 
not an exclusive property of vitamin A. A second, moie chaiacteiistic, 
effect is that vitamin A (fish liver oil) excess depresses not only thyroid 
activity but apparently the effect of thyroxine as well. As little as 1 per cent 
cod liver oil in the stock diet of rats during 4 months reduced the thyroid 

weight^^^ 

The body weight loss associated with thyroid administration may be re- 
duced or prevented by sufficient vitamin A administration2^^ It has long 
been known that excess vitamin A delays metamorphosis m amphlblans^5^ 

^ Sure,B„ and Buchanan, K. S.,/ (1937) Drill V A and Sherwood^ 

C. R., Am, J. Physiol., 124, 683 (1938). Williams, R- H., et al., Arch. Int, iUed., 

Drill, V. A., et al, Am. J. Physiol, 132 , 629 (1941) ; 136, 474; 136, 762 (1942) ; Endocr., 
31, 245, 567 (1942); 32, 327 (1943). 

Drill: J. (19^7).’ McIveV M. A., and Winter. E. A., Clin. Inv., 21, 

«‘Eenchev8ky, V., al, Bril Med. J., 1. 245 (1943). Drill. V. A.. Physiol Rev., 

MSison. R.. Bril Med. J., 1. 989 (1931) Coplan, H. M., and Sampson, M. M., 

• ft’ R ''an®dbfat"en A. / K W, 549 (1935). 

wtdToc ilS. 39. h3 (1938) . Logras, G., and Drummond. 

J. c., Biochem. J., 32, 964 (1938). 

McCarrison, R., Ind. J. Med. Res., 11, 1 
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;uiil it was ohsarvcd inoro locently that vitamin A adiniiiistration partially 
counteracts the acceleration of energy metabolism following thyroid feeding-^^. 

A tliii-d interrelation between vitamin A and the thyroid is that carotene 
cannot be converted to vitamin A in the absence of the thyroid. Hence, the 
prevalence of xerophthalmia in thyroidectomized animals, such as rabbits-^®, 
which normally obtain their vitamin A from carotene. The yellow color of 
milk produced by thyroidectomized goats that normally produce a white 
milk-®® is similarly explained. 

The above results indicate that high intake of hsh-liver oil should be very 
helpful in hyperthyrohl- and Graves’-diseasc conditions; and that hypo- 
thyroid individuals should receive vitamin A as such, and not as carotene. 
Hyperthyroidism increases the need for ascorbic acid as it does for the A and 
B vitamins, and ascorbic acid deficiency in guinea pigs leads to hemorrhagic 

infiltration and hyperidasia of the thyroid gland. 

High ascorl)ic acid dosage appears to decrease the energy metabolism in 
hyperthyroidism® Hyperthyroid individuals should, therefore, benefit 
by high ascorbic acid intake, as by high vitamins A and B intake. 

While little is known about the interrelation between vitamin D and thyroid 
function, it is definitely known that hyperthyroidism greatly accelerates 
calcium catabolism'-’^', perhaps in proportion to the increase in energy in pro- 
tein catabolism®^'®, which may reach 100 per cent above the normal level. 

The foregoing discussion indicates how dietary factoi-s may exert hormone 
or anti-hormone effects because of their interrelations with endocrines or the 
hormones. There are many such interrelations, such as those between vita- 
min E and the pituitary (Chs. 0 and 20). The “ pituitary-like effects of yeast 
extracts”®'*® may be explained by similar mechanisms. 

Needless to say, the thyroid function is dependent on iodine supply (Chs. 6 and 20). 
The thyroid holds 1 to I of the total (about 40 or 50 mg) body iodine in man. Iodine 
is taken up to saturation by the gland within 15 minutes after iodine-solution injection . 
Thyroxine contains 65 per cent iodine; U.S.P. desiccated whole thyroid contains 0.17 
to 0.23 per cent iodine. The iodine content of the thyroid is lowest in early spring and 
highest in late summer (Ch. 8). Iodine deficiency leads to thyroid abnormalities rang- 
ing from relatively harmless goiter to serious cretinism. Both of these and other thyroid 
abnormalities are found in man and animals depending on the iodine conte nt of the soil 

2” Logras, G., and Drummond, .1. C., Biochem. J., Z2, 964 (1938). Bclasco, I. J., 
and Murlin, J. R., J. Nut., 20. 577 (1940). Smith, D. C., Perman J. M., Endocr., 
27, 110 (1940). Sheets, 11. F., and Struck, H. C., Science, 96, 408 (1942). 

«« Kunde, M., Proc. Soc. Exp. Biol. Med., 26, 812 (1926). - 

“3 Fellenberger, T., and Grueter, F., Biochem. /., 263 , 42 (1932). 

“ “bTc“« atj'cTi’JlZ 7. 97 (1929); 10. 187 (1931) ; 11. 1273 (1932). Robert- 

30. 561 (1925). Ivy, A. C., «... 

Am. J. Physiol., 139, 139 (1943). 

*"Hisaw, F. L., Anal. Rec. (Suppl.), 67 , 50 (1936). 

Hertz, S., Am. J. Physiol., 120, 565 (1940). 
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in given geograpiiiciil rcgions-^^- (Northwest, Mississippi \’nlIoy, Cireut I.iikos, 8t. 
Lawrence Valley, the Andean plateau in South America) and in Europe (Alps, Pyrenees. 
Carpathians, also Himalayan Plateau in Asia). In these goitrous regions the diet of 
man contains less than O.Ot mg iodine per day; it sliouhl contain 0.1 mg (100 gamma), 
to maintain the body lodiiie at the optimum level of about 50 mg (\ of which is in the 
thyroid gland). The average human hotly contains, perhatis, 12 mg thyroxiiu'. 

While dietary deficiency of ioilidcs—likc that of chloriiics -may be followed l>y serious 
physiologic disturbances, the opposite, namely, motlerate dietary excess of iodiile— like 
moderate dietary excess of chloride— is simply excreted, probably witliout physiologic 
disturbance. About 70 per cent excess dietary iodide is excreted in feces, tiie remainder 
in urine and, in dairy cattle, in milk-^L Blood iodide may be increased ten times normal 
by dietary means with corrcs|Kinding iodide increases in milk without apparent harm 
to the animaP”. 

Thyroid abnormalities resulting from dietary iodine deficiency are now iireventcd 
by the use of iodized salt. This salt contains one part of Nal. or KT, in 5000 parts of 
salt (0.02 per cent, or one ounce in 300 li)S salt, or 1 part of iodine' per million of salt^-*®). 

Iodine intake is not helpful in athyreosis. In this case, desiccated thyroid is fed 
or thyroxine is injected. When the basal metabolic rate is 20 per cent hi'low average 
(in humans), 1 to 1} grains (65 to 100 mg) U.S.P. thyroid is taken daily=*'k Cretins are 

given I'o to 1 grain up to 4 years, 1-2 grains 4 to 12 years. 

According to the review by Bootliby and Saniford^o, the cnlorigcnic effect of 1 mg 
thyroxine administered intravenously is about 1000 Calorics. This value is based on 
the observation of the effect of a given dose on a given indiviilual or set of individuals 
in a certain condition. But the calorigenic effect per mg thyroxine necessarily changes 
with increasing dosage level and varies with conditions. Tlius Mcyci and \\eitz^^* 
reported that thyroidectomized animals are very much more sensitive than normal to a 
given thyroxine dose. The response tends to be inversely proportional to the initial 

level of metabolism. 

An apparently curious aspect about thyroid administration is that it often improves 
not only the hypothyroid, but also the hyperthyroid individual. Thyroid administra- 
tion was observed to lower the metabolism by 30 per cent (to normal) in some cases of 
hyperthyroid adenoma in exophthalmos-^-. 

B. Thyroid and adrenal medulla. Adrenaline, produced by the adrenal 
medulla, is related to thyroxine chemically as well as ph}siologicalIy. Chem- 

McClendon, J. F,, “The distribution of iodine with reference to goiter, 

Rev., 7, 189 (1927). Orr, J. B., and Leitch, I., “Iodine in nutrition, British Med. Res. 

Council, special report series, 123, 1929. i • r *i *i * 1*1 i 

Earlier papers on goiter; Marine, D., “Hyperplasia of the thyroid m dog. sheep, 
.1 mon” jXhns Hovkins Hosvital Bull. 18, 359 (1907). Welch, H., “Hairlessness and 


Jrl “Hairless pigs , 00, 001 v-iuio;; »tio. 

J W “Goiter and fetal athyreosis in farm animals, “ Washington Agr. Exp. Sta. Bull. 
156 1920. Mills, R* H., “Calf losses due to iodine deficiency, J. Ayn. I et. Med. Assn., 

j- H., Matthews, N. L., and Curtis, G. M., “The effects of increased iodine 
fppdinff to a iierd of sixty dairy cows,” Ohio J. jScL, 40, 9 (1940). Moyer, A. E., et aL, 

ESinology. 28, 816 (1941) 

M Committee on foods, J.A.M.A., 99, 1691 (1932). 

Means and Lerman, Arch. Ini. Med., 66, 1 (1933). See Du Bois^, for details. 
«o Roothby.W.M.,ana Sandiford, I., “Basal metabolism,” BAysioL Rcy., 4, 69 (1924); 

Prnr Sioff Mayo Clin„ 1, 166 (1926). 

Mever, A. E., and Wertz, A., Endocrinology ^ 24, 683 (1939). 

«* Salter, W. T., and I^rner, I. M., Endocrinology ,[20 , 801 (1936). 
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ically, l)i)th are tyrosine derivatives, as indicated by the following. Adren- 
aline-“'^ may bo thought of as derived from one molecule of tyrosine, 

Tyrosine Tyramine 

OII< ^ ^ CHo-CHXH,-COOH > OH< ^ ^ CH.-CH.NIIa > 

Adrenaline 

OII< ^ ^ CHOH-CHi-NH-CHa 
while thyroxine, • 


I 


I 



CH.-CHNIb-COOH 


an aromatic ether, is derived from two molecules of tyrosine, with the elimina- 
tion of the side chain of one“^^ 

While both adrenaline and thyroxine are metabolic (oxidation) catalysts, 
the time relations of their effects are different. The influence of the thyroid 
on metabolism is of the long-range steady type. The adrenal (medulla), 
on the other hand, influences metabolism under emergency conditions, con- 
trolling explosive outbursts of energy for short-time intervals. The adrenal 
medulla is a typical alarm” gland. 

It is generally accepted that there is close interrelation between the adrenal medulla 
and the sympathetic (autonomic) nervous system (Ch. 10). Thus splanchnic stimula- 
tion increases adrenaline secretion, whereas splanchnic removal decreases it. Stimula- 
tion of the sympathetic system by drugs, as metrazol, or by electric means, resembles 
the effect of adrenaline administration. The animal shows an emergency syndrome 
with such symptoms as increased blood pressure, pounding of heart, **standing-up^' 
of hair, increase in respiration, shunting of the blood to the muscles, blanching of skin, 
and so on. 

The large literature on the interrelations between the adrenal medulla and the sympa- 
thetic nervous system is best generalized by Cannon’s^“ “emergency theory’*. Accord- 
ing to this theory, under stress or emotion the physiologic resources are mobilized for 
action through the agency of adrenaline acting on the sympathetic system. The dis- 


For the original chemical papers, see Abel, J. J., “Method of preparing epine- 
phrine,” Bull. Johns Hopkins Hospital, 13, 29 (1902). Aldrich, T B., “The active prin- 
ciple of the suprarenal gland,” Am. J. PhysioL, 6, 457 (1901); Takamine, J., Isolation 
of the principle of the suprarenal gland,” / . PhysioL, 27, 29 (1901-2). For a review of 

the literature, see Grollman, A., “The adrenals,” 1936. , u . lonc i. 

25<The importance of the thyroid in metabolism was demonstrated about IWD oy 

Magnus-Levy. For the metabolic literature, see Du Bois, E. F., “Basal metabolism 
in health and disease.” For the chemical aspects, see Kendall, E. C., Thyroxine, 
New York, Reinhold Pub. Corp. 1929, and Harrington, C. R., “The thyroid gland, its 
chemistry and physiology,” London, 1936. Kendall obtained an active principle of the 
thyroid in crystalline form in 1914. Harrington and Barger synthesized it in 1927. 

Cannon, W. B., Shohl, A. T., and Wright, W. S., Am. J . Physiol. , 2%, 

Cannon and Britton, S. W., Id., 79. 433 (1926-27); Cannon “The wisdom of the ^dy, 
New York, 1932; “Bodily changes in pain, hunger, fear and rage,’ Appleton, 192V, 
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charge of adronaliiie into the eireulation arcelerates lioait action, inohili/.cs glycogen, 
constricts blood vessels of skin and digestive sy.stein, thus making more blood .available 
for muscles aiul nervous svsttau. In tin' event, that this luohili/ation tor action is not 
followed by action, the mobilized sugar is excreted through the urine (“psychic gliico- 
suria”). It was long known that fright (barking ilog) induces glycosuria in the cat. and 
that attending exciting football games, or taking college examinations, is followed by 
sugar excretion^*® (Sect. 10.8). 

While the adrenal medulla (and adrenaline .secretion) is highly responsive to the 
nervous system (to the metlidlary, hy]>othalmic. and spinal centers), the thmoid is 
relatively unresponsive. The thyroid function is of the long-range steads t_\ pe. con- 
trasted to the emergency-explosive type of nervous reaction of the adrenal medull.a. 

There may be associated with this relative functional dilTerence between the adren.d 
and thyroid, a relative size difference, lo rpiotc from Hohert ( rile"’’, the lelative sizes 
of the adrenal and thyroid glands of animals might vary according to the energy charac- 
teristics and habits of the animals”. The thyroid size in continuously .sensitized man 
is about twice that of the adrenal size; the adrenal size in rodents, which rely on exph)- 
sive outbursts of energy for survival, is about 23 times that of the tlpxioid. 

C. Thyroid and anterior pituitary. As previously explained, (lie thyroid is 
under the control of pituitary thyrotropic hormone-’^* in the same manner 
that the gonads are under the control of pituitary gonadotropic hormone. 
Administration of the pituitary thyrotropic extract increases heat i^roduetion 
(by action on thyroid) by 30 per cent-’^'> to GO per cenf-'^'". The thyiotrop.e 
hormone may be assayed by increase in heat product increase m 
size of the thyroid of the guinea pir«, and/or the chick’^^’ The anterior 
pituitary may also have a metabolism-accelerating principle which acts in- 
dependently of the thyroid=«', but this is not certallT■'^ 

The pituitary and thvroid hormones appear to be sxmergistic or comple- 
mentary in their effects on growth and development^®*. The thyroid hormone 
“primes” or “tones” the tissues for the action of the pituitary growth hor- 
mones^v. It appears, moreover, that sufficiently early thyroidectomy in- 
activates the pituitary so that the animal becomes x’irtually hypophyseeto- 
mized as well as thyroidectomized-®*. 

D. Thyroid and posterior pituitary. A curious observation-®^ relating the 

Folin, 0., Denis, W., and Smillie, W. G / B.oLCI.,n., 17, ,519 (1914) ; Malmiwirta, 

P., and Mikkonen, H - Cnjc’ George 'Tntelli 

Crile, R., Ohio J. Set. 37 . 42 (1937 . Crilc, Ocoige, iniciu 

sonality,” McGraw-Hill Co., 1941. 

“«Collip, J. B., J.A.M.A., 116, 2073 ,^^ 35 , 

Z Soc.’jBxp 27. 622 (1933). 

2 Smelzer, G. K , C W., Endocrinolog,,, 24. 656 (1939). 

‘“Bergman, A. J..jnd lumer,^'-.^ u’ W. 23. 718 (1938). 

(1942). 

5 (1039). 

”■ "a™E fftM Sp' S,jmpo«, on QnanliMw, Biolo,,. 10. 107 

“ »?khoney. W ’. .nd Shc.h.n, D.. d», Z. l«. 250 (1935). 


igence, power and per- 



182 


BIOKS ERGKTK'S AKl) GROWTH 

thyroid to the posterior pituitary concerns a polyuria (diabetes insipidus) 
produced t'y placinj? a clip on the stalk of the pituitary. Ihis polyuria is 
abolished by removing the thyroid, and rtduniecl by feeding thyroid to the 

animal (dog). 

E. Thyroid and gonads. Tliyroid(H*tomy arrests sexual development (Fig. 
7.5), and reduces energy metabolism; gonadectomy also reduces energy 
metal)olism and reduces the thyroid. On tlie other hand, administration 
of sex hormone increases basal metabolism"'^’. Puberty and pregnancy also 
enlarge the thyroid-'b perhaps by pituitary thyrotropic hormone stimula- 

tion“^b 

As previously notc-d. the relation between thyroid and gonad is not fully clear, espe- 
cially as it relates to rats. Lee-'^ reported that thyroidectomy of young rats did not 
seriously delay puberty but lengthened the estrus cycles. Hammett^’b likewise, found 
no relation between thyroid activity and development of the reproduebve system and 
suggested that the reported disturbed sex conditions are secondary to disturbed general 
growth, not to specific sex disturbance. But this depends on age of thyroidectomy. 
In our experience on cattle and goats early thyroidectomy arrests sex development 
completely. The discrepancies may be due to differences in physiologic age at thy- 
roidectomy. 

F. Thyroid and central nervous system. Attention has been called to the 
interrelation between “emergency” emotions, adrenal and thyroid, and to the 
influence of thyroid on nerve metabolism, on neuromuscular irritability and 
on variability. All this is, of course, equivalent to saying that there is an 
interrelation between thyroid, adrenal, and nervous system. By way of 
further evidence, one may note that the thyroid gland appears to be heavier 
in emotional than in non-emotional rats=’^ and that certain types of insanities 
ranging from “amazing placidity” and profound depression to high excita- 
bility, irritability, and anxieties are often improved by either thyroid ad- 
ministration or thyroid depression”®. Ten per cent of the sufferers from 
dementia praccox are hypothyroid and most benefit from thyroid medication. 

On the other hand, manic-depressive swings in mood in psychotic persons 
are often associated with swings in blood iodine”k In brief, while hypo- or 
hyperthyroidism is probably not the “cause” of psychotic conditions, it may 

2^0 Thompson, W. 0., and Heckcl N. J.. J.A.M.A. (1939) reported 30 per cent increase 
in metabolism following administration of 100 mg testosterone propionate to enunchoid 

u Marine, D., Ohio J. Sci., 37, 408 (1937). Portes, B., and Roth, H. A., J.A.M.A., 

“S! D., J.A M.A 

274 Hammett, F. S., Quart. Rev. hn 9ft W nQ411 

‘k VG”S“S;io*y ■■■ Son. 1«1 CnrSch«l?H. T., J. M~. 

st* aSr&n. W T.. ;«d Gildoo, E. F., d. P.ycH.an 

“'■“NSdt, n., and Honnrd, L. B., “Fluctunlions in blood iodine in cyclie PW- 

tho.e. ' Am. / PBgchial., 99 , 1930 (1942). 
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influence it, iind tlic thyi'oid, in tuvn, ina\’ lu' infliK’nct'd l)y tlu' .sc'iisitu (micss 
or instability of the nervous system. 

It is of course obvious that oietiiusm inclmlos anesteil (ievclopinent of tl>o central 
nervous system, that is, an arrested “mind'’, and tliis eoiulition is often prevented by 
beginning thyroid medication at a sullieiently early age. provided of course tlie “residual 
physiologic capacity and latent growth potency of the neuroendocrine systern’’^” are 

adequate. 

Many remarkable cases of psychiatric interest could be eitetl. One from .Moans- 
concerns a mentallv normal and unnsually intelligent child of ten years who showed 
typical myxedema. On administration of thyroid which cured the myxedema, she 
developed a “mental decompensation”, a severe manic-depressive psychosis. The 
psychosis disappeared on removing the thyroid medication but tl.c myxedema returned. 
This result of benefiting one function and injuring anotber obviously has applications 

in agriculture as in medicine. 

Then, too, according to Means, severe fright or worry may touch off a latent thyroid 
abnormality; for example, an exophthalmic goiter may develop in two or three days. 
Usually such development occurs gradually during a prolonged period of anxiety sorrow, 
strife, or fear. The same may be touched off by acute infection, pregnancy, parturition, 
puberty, menopause, and other crises. On the other hand, many latent psychoses 
(manic depressive, acute delirium, toxic exhaustion, and so on ) are brought on by toxic 

2oit6r^^^ 

One could discuss the many theories of the influenee of thyroid activity on human 
social leadership. But for our purpose the following is sufficient. Alice t 

that thyroid administration to hens at the highest “social level caused loss in the, 
“social order” in the flock if the thyroid caused them to moult A lower thyroid dosage 
level did not affect their “social position”, contrasted to the effect of raising birds ,n the 
social (aggressive) position following low dosages of testosterone propionate. The 

dosage level is very important in hormone effect. , . i 4 - 

What was said aLut the influenee of the thyroid on the central nervous system could 

be said, if space permitted, about the adrenals and the othci glands. 

7.3.3: Some appUcations and summary of thyroid endocrinolo^. The 
thyroid resembles the pituitary in influencing all other endoennes Pituitary 
control is by specific tropic hormones, but thyroid contiol ^ largely non- 
Bpecific. The essential thyroid effect is. then, to accelerate the speed of al 
life processes, including those of the other endocrine glands and those of 
agi-icultural importance : milk production, egg production, and m some ca^es 

for anabolic (building up) but alao for catabolic 

(breaking down) and senescence processes. Thyroid administration can thus 
be practically helpful when the natural thyroxine production by the given 
animal is below the level required lor optimal efficiency. Some individuals 

r r\* R2 1117 flOSG). See also Wilkins, L., ci aL, y. 

ClZ 3^(194 !)!*■ “Thyr’oid’medication in childhood,” J.A.M.A., 114, 

2382 (1940). 

Meanfl*®. v, P P Am J Psuchiat^y 91, 1216 (1935). 

»» Dunlap, H.F., and Moersch. F P., Am. . 

•" Allee, W. C., el al, Endocrinology, 27, 827 (law). 
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and (‘\'eii specie.s are slightly hypothyroid by nature; in such cases slight 
thyroid udnunislratioi^ may be hcliJtul. We have thus seen that the growth 
ral(‘ of some strains of mice aiul of some liumans is accelerated l)y thyroid 
administration, but not that of the rats, guinea pigs, and rabbits investigated, 
nor of most humans. 

ruder certain conditions and at certain times (in the declining i)hase of the 
lactation period), the rate of milk production may be increased by thyroid 
administrati(jn at low levels. The question whether the milk-production 
efficiency (ratio of milk produced to feed consumed) is increased or decreased 
by the accc^lerated milk production has not yet been answered. Nor has it 
been determined how increasing the tempo ot living by the thyroid administra- 
tion affects the fertility and longevity of the animal, or its future usefulness. 
Under certain conditions the (question of future usefulness does not enter; 
it is thus of little importance whether or not an animal's fertility or longevity 
is affected in the I’cmote future by thyroid adnrinistration if it is planned 
to slaughter the animal in the near future. 

7.4: Adrenal cortex. As outlined above, the adrenal gland consists of a 
medulla (central portion) which is associated with the sympathetic nervous 
system, and produces adrenaline; and a cortex (shell) which is associated with 
the reproductive system and produces some 20 steroids-®^ similar in structure 
to sex hormones (Fig. 7.1), collectively referred to as corlirC-^K Addison’s 
disease (described by Thomas Addison in 1855) is due to atrophy of the 
adrenal cortex (usually by local tuberculosis). The adrenal cortex extract 
cortin or the steroids isolated therefrom (more recently synthesized) function 
successfully in replacement therapy when the adrenal cortex is removed or 
atrophied. 

There is some functional relation between the adrenal cortex and adrenal 
medulla, in that cortin probably stimulates the sympathetic nervous system to 
conduct impulses to the medulla-®^, and that both are involved in carbohydrate 
metabolism-^®. Adrenaline is not physiologically essential for life maintenance 
(it appears to be useful only in emergency), but cortin is. Lack of cortin 
leads to profound hypoglycemia-®^, loss of sodium chloride*®^ and water, to 
potassium retention^®^, low blood pressure, weak heart action, reduced basal 

28^ For the history and chemistry of the adrenal-cortex hormones and their relation 

to sex hormones, see Pfiffner, J. S . .Advances in r p;,, 

281 Hartman, F. A., et aL. Proc. Soc, Exp. BtoL Med,. 26, 69 (1927); A7n, J. Pkystol. 

86, 353 (1928). RogolT, J. M., and Stewart, G. N., Science. 66, 327 (1927). 

288 Seeker, J., J. Physiol.. 94, 259 (1918); 96, 282 (1919). a u j? n rw 

286 C/ Long C. N. H., Endocrinology. 30, 870 (1942). Kendall, E. P* 

Hartman, F. A., Id., p. 861. See also Hartman, J 117, 1405 (1941). 

7d., 116, 2394 (1941). Collip, /d., 116. 2073 (1940). ^ v f 

Endocrinology. 29, 443 (1941). Dill, D. B et al.. Am J PkystoL. 121. ^49 (1938), and 

others. See also a series of articjes by Hartman, Kendall, Grollman, el al.. in tola 

Spring Harbor Symposia Quant. Biol.. 6, (1937). __ 

In 100 cc blood from normal individuals, there are about 330 mg Na, 6TO Cl, 19 K, 

and 85 sugar; blood from patients with Addison’s disease contains about mg iNa, 
450 Cl, 26 K, and 50-60 sugar. 
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metabolism (by about 25 jhm' eoiit), (listurln'cl liMuiuMaluro n'pilation, aiul 
general muscular weakness. The two most obvious ailnaial-cortex functions 
are, then, salt and water balaiice-^'^ and maintenance of tlu' bltHul sugar level 
by gluconcogcnesis-^^ (sugar formation from protein). Two atlrenabcorlex 
steroids, 1 1-dehydroeorticosterone and IT-Iiydrocorticosteroiu^ are api)a- 
rently involved in both salt and blood-sugar legulation. d'he ptirticularly 
potent salt-regulating steroid is tlesocorticosterone"''^ and llie parlicadarly 
potent carbohydrate former is corticosterone'*^^ lh)th of these steroids were 
isolated and synthesized (1937) by Reichstein (Zurich), but Kendall and 
Mason and Wintersteinor and Pfift'ner (U. S. A.) made outstanding chemical 
contributions and elucidated the relations Ijetween the many steroids. 

The sugar-forming potency of corticosterone (and to a less extent of 11- 
dehydrocorticosterone and ll-dehydro-1 7-hydrocorticosterone) is great 
enough to induce severe glueosuria-^^ on its administration. 


In the absence of cortin or its active stcroitls, life may be maintained in Addison’s 
disease (or adrenalectomy) by increasing the iiUake of sodium salt, the amount dciKoid- 
ing on the condition (edema, etc.) and reducing intake of potassium salt; to overcome 


the tendency to hypoglycemia, and consequent muscular weakness, increase the car- 
bohydrate intake. Hartman outlined methods for measuring cortin deficiency and 
emphasized the extra cortin demands in conditions of stress, “infections, toxins, 


shock, great heat, great cold, exercise””^ 


The fact that extra cortin is needed under conditions of stress does not mean 
that it would benefit normal animals to have extra eortin. Indeed, as in the 
case of thyroxine, the opposite may be true, depending on dosage and sensi- 
tivity of the animal. As on administration of excess tliyroxine or thyro- 
tropic hormone, so on administration of excess cortin or adrcnotropic hormone 
there is increase in the catabolic rate, especially of protein deamination and 
urinary nitrogen excretion. The excessive deamination is associated with 
excess sugar formation and excretion. The effect on nitrogen metabolism 
&nd on growth is opposite to that of pituitary grow th -hoi mone administia- 
tion*®^ (which increases protein anabolism and leduces nitiogen excietion). 
There appears to be a reciprocal relation of the pituitary -growth and adi'enal- 
cortical hormones in their effect on protein metabolism^®'’ 


It is interesting to note (Fig. 17.5) that on approaching maturity, when the rate of 
total body gain declines rapidly, the rate of weight gain of the adrenal cortex increases 


*"Loeb, R., Science, 76, 420 (1932); /. Exp. Med., 67, 775 (1933). Thorn, G. W., 

348 (1941). , t7._.. t? n 9 R sno noim 


ilOiiE*** 

“• Long, C.N.H., Cold Spring Harbor Symposia on Quanlilaiive Biology 
Marx, W., Simpson, M. E.. el al., Endocrinology, 33, 102 (1943). 
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...pidlv until tolul weight gain is In-ouglil t., a standstill 

inav be tin' limiting faetor in bringing growth to a standstill tC . W . lur tr) 
relvnng part of tlm adrenal eortex permit further growth;^ The adrenal-cortex spur 

in growth coincides with the gonad spurt in growth, and the sex /‘Y'" nitui 

estrogen, are known to depress the growth-promoting properties of the anterior pitu 

tary^”; dwarfing of rats and chickens was producid bv administration of folhcu ar 
hormone^'-". Corticosterone (not desocorticosterone) is i>articularly effective in re- 
pressing lymphoid tissue^'^ (thymus, lymph nodes). Corticosterone or cortin adminis- 
tration, of course, atrophies the adrenal cortex by ■''-‘'’■■‘'^'"^'''^"'■''^'7 "J^the'arren^ 
hormonc^’^ Under stress adrenotropic hormone output is inci eased 

is hypertrophied. The level of cortin metabolism apparently parallels that of basal 
metabolism. 

Just as the basal metahulisin per unit weight is greater in small than in large 
animals (Chs. 13 to 15), so is the eortin need per unit weight. A rat needs 4U 
times and a cat 4 times as much cortin per unit body weight as man (Wav - 
man). The importance of the adrenal-cortical function in metabolism is 
indicated by hypertrophy of one adrenal if the other is remoyed, and the ac 

that such hypertrophy is avoided by administration of adrenal-cortical extract. 
Also, newly-born of adrenalectomized mothers show abnoimaly aige 

ilcl rGnuls' • 

As prcyiouslv explained, sex hormones and adrenal-cortex hormones are 
related structurally (Fig. 7.1) and functionally. Gonad removal hyper- 
trophies the adrenal cortex-'■'^ while sex-hormone administration reduces the 
adrenal cortex. Progesterone is said to atrophy the adrenal cortex of male 
rats-”, although this problem is still under investigation. Estrogen, how- 
ever. is said to have the opposite effect-adrenal hypertrophpand therefore 
increase in protein catabolism and suppression of growth. The mla 
Hercules” type of precocious sexual and muscular development is as^^iate 
with adrenal-cortex tumor; so is virilism in women”® (the circus beaided 
lady”) ; and perhaps some types of feminism in men may be attributed to 

adrenal-cortex dysfunction. Conversely”', sex hormones, oi ^Yn^tome 
adrenal-Lrtex hormones by causing sodium-ion retention and potassium-ion 

'’‘Kdr» leporteci that adult pigeons and doves “showed male bel"*™' 
an eatent equalling that of any normal bird that I have ever ^ 

“these birds never possessed a gonad”. The male behavior of these gonad 

::: “s. BftrdtelnM' >'<-■ *** <>">■ 

Ingle, D. J., Am, J . Physiol. 1 124, 369 (lJ3o). 

.U wltSiu'O. T- D. W., and P.lm-b 

"'.u Ew.T~'.T;d GrSl ™ <“»>■ 

^^’’o^Riddl?, 0., Cold Spring Harbor Symposia on Quant. Biol, B, 320 (1937). 
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less birds is attrilniiod to adronal-oortiral male liortinuu' produrtioii, said to ho 
produced by a special amlnuiinic a.-soriatial with the adrenal cortex. 

Pseudo-male hermaphnulism with male hehavit>r and lunctional prostati(‘ 
tissue in the absence of testicular tissue is attrihut(Ml to aiulro^ion production 
by this androgenic adrenal tissue-'"^ 

Not only sex hormone hut also lactation hormoiu‘ p'ortilactin) was prepared 
(by isoelectric precijiitation) from the atliiaial cort(\\'*"‘. 1 his stimulates th(‘ 
crop sac of pigeons similar to tpituitarv) prolactin (Si-ct. 7.2). 

Richter^^^^ called attention to the inliuence of adnaudectomy on appetite 
behavior (Chs. 10 and 20). Removal of the atlrenals is followed hy excessive 
loss of sodium chloride and also l)y a compensating appetite lor salt. A boy 
who had excessive craving fur salt was ftnmd to have an adrenal cortex eroded 
by a tumor. Conversely, adrenal (and other) abnormality may often he 
inferred from observation of l!ie appetite. 

Glutathione is said to bo iiivolvod in growtli acccloration ((! lis. 6 and U>.), and it may 
be significant that adrenal tissue is ricliest in glutathione^®^. 

As noted in tlic introduction, the adnuial cortex is interrelated with the anterior 
pituitary adrenocorticotropic hormone, with the pituitary occupying the controlling 
position. This is indicated by adrenal cortex atroi^hy on pituitary removal (the atrophy 
is greater than could be caused by thyroid deficiency ) , and adrenal restoration to noi mal 
on pituitary impIantatioiP®u The (‘ffect on the microscopic picture of the adrenal 
medulla appears within 2 hours after the pituitary administration^oy Under some con- 
ditions A.P. administration may depress the catabolic effect of the adrenal cortex (and 
thus accelerate growth)^®®. Under other conditions A.P. administration may lead to 
adrenal hypertrophy ( 70 - 1307 c)'''; conversely, adrenalectomy or adrenal administra- 
tion affects the pituitary^'!. Preparation of pituitary adrcnotropic hormone was re- 
cently reported^'^. 

In addition to the interrelation of the adrenal cortex to the pituitary and gonads, 
it is also related to other cndocrines, such as tlio thyroid. Hyperthyroidism leads to 
hypertrophy of the adrenal cortex’”, perhaps as a result of increased metabolism. 
Apparently anything that increases mctaboli.sm (ineluding lactation) hypertrophies 
the adrenal cortex Then, too, it is said that the adrenal cortex exercises an inhibiting 
control over the thyroid’”. Individuals with hypofunctioning adrenals arc particularly 
sensitive to thyroxine, leading to ‘‘hyperthyroi d crisis”’” o n thyroid administra tion. 

Grollman, Jc/., p. 318. ionnn» 

-Richrera 561 d^^). See also Clark, W. C., and 

Clausen, D. F., Am.’j. Physiol., 139, "6 1161*1) , 

Hammett, F. S., Proloplasmn, 7. 53o (U2J). 

Smith, P. E., Am. J. Anal., 20o (19*0). 

ySJ f“ (1911). Mirsky, I. A., Endocrinology, 26, 52 

“Plmery, F. E„_and Abvell. W. J., A««/. Rcc.. 68,y (1933). Ingle”». 

Shumacher 
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C. H., Evans 

*** Korenchevsky, 

G. M.| EndoCTVloloQy f 23 1 / *-7 iqk nQ91 V fiQ Smff W 

•‘‘Marine, D., Bauman, E., Am. J. Physiol., 67, 135 (1921), 69, 353 ( 1 J 22 ). bcott, W. 

J. M., J. Exp. Med., 36, 199 (1922). ..... fico no 43 l 

•“ Perea, G. A., and Parker, D. D.,J.A.M.A., 122, 669 (1943). 
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S^lnln-la^iziIl^^ tho adrenal cortex produces hormones similar to sex 
liormoiies. It is especially associated with tho regidation of salt and water 
metaljolism and with carbohydrate and protein metabolism, and therefore 
with fiiowth, lactation, and related productive processes. Because of its effect 
on carbohydrate metabolism, especially gluconeogenesis, the adrenal cortex 
function may, pcnhaps, l)e a limiting factor in milk production. Relative 
hypofunction of the adrenal cortex in comparatively high-milking animals 
may, iierhaiis, lead to the hypoglycemic type of milk fever. On the other 
hand, h\-perfunction of the adrenal cortex may cause inefficient feed utiliza- 
ion and growth depression. The field is at present under intensi\e in\cstiga- 
tion, the re.sults of which explain many phenomena, and find use in medicine; 
but they have not yet been carried to the point of application in agriculture. 

7.5: Calcium-phosphorus metabolism hormones: the parathyroids^’®.— As 
pre\iously noted, all hormones are metabolic catalysts, but some, like the 
thyroids,' are best knouTi for their catalytic effect on energy metabolism, 
although the effect is no le.ss apparent on calcium metabolism^'b The gonads 
arc best known for their effect on sex activity, although they, too, catalyze 
calcium metabolism, which is certainly true as regards the effect of estrogen 
on calcium storage, on blood calcium in birds”®, and on bone metabolism and 
strength”®. On the other hand, ovariectomy often leads to hypocalcemia®”®. 
The adrenal cortex is best known for its effect on energy and carbohydrate 
metabolism and on maintenance of muscular efficiency, although it has an 
equal effect on sodium retention and on electrolyte balance. Likewise, the 
parathyroids (Fig. 17.30) are best known for their effect on calcium and 
phosphorus metabolism; by controlling this, they may be said to regulate 

growth and related productive processes®”’. 

The word “control” (of calcium metabolism) is perhaps too strong foi 

characterizing the parathyroid effect on calcium metabolism; regulation 

is better. Just as adrenalectomized animals may be maintained undei 

quiet conditions by administration of extra salt, water, and carbohydrate, 

so parathyroidectomized animals under quiescent conditions (not pregnant 

or lactating) may be maintained by administration of extra calcium and 

vitamin D. 

Calcium occupies an extremely important position in the body economy i 
316 rnmnUplI I L md Turner, C. W., Univ. Missouri Agr. Exp. Sta. Res. Bull. 352, 

Id^is 20ni‘935f ' Shemng^D^H.,^‘‘ThcVa^rS^^^ 

b.t 5^ B iV/o/. Rea., 12. 309 (1932). A recent, shorter 

^■HRMdle O , and Dotti, L. B-, Science, 84, 557 (1936); Am. J. ^ 

Sherman, H, C., and MacLeod, F. L., /. Biol. cAcm., 64, 429 ( )• 



HOHMOMiS 


189 


general, and in growth, milk and ogg production in particular. About 2 
per cent of the body is calcium aiul 99 per cent of this calcium is in the skele- 
ton^". While support is one of its obvious functions, the sUelettai is not merely 
an inert supporting structure. The skeleton is, on the contrary, like other 
constituents of the living btnly, in rapid (lu\‘^-^ Tlu^ calcium in bone is 
interrelated with the calcium-ion le\el in the blood, as l^ody glycogen is 
interrelated with the glucose level in the blood (Sects. 10.4 and .5). 

The calcium-ion level in the blood is the resultant of dietary calcium and 
vitamin D, calcium outgo (into bone, milk, egg, etc.), and parathyroid hor- 
mone level (Ch. 20). 

Normally, the blood serum or plasma contains about 10 mg per cent of 
calcium (in whole blood about 5 mg per cent) half of whicli — about 5 mg per 
cent — is in the form of calcium ion and the other halt as calcium proteinate. 
On parathyroid removal, the blood-soruiu calcium declines to about half 
normal (5 mg per cent) and the organic j)hosphorus rises to al)out 25 per cent 
above normal (from about 5 to about 7.5 mg per cent). On injecting ])ara- 
thormoiie (or on overactivity of the parathyroid, usually due to tumor) the 
opposite occui*s — the blood calcium level may be doubled and the organic 
phosphorus level may be halved. The quantitative effect is analogous to 
that of thyroid removal and thyroid administration. 

The detailed mechanisms whereby these changes are l)rought alxnit are at 
present under investigation. Unlike the thyroid, the parathyroid does not 
B'Ppear to be under pituitary controP"^. In addition to the calcium mobiliza- 
tion from bone, parathormone, like cortin, may exert an effect on selecti\c 

kidney function. 

The calcium factor is particularly important in the dairy industi\ not onlv 
because calcium is one of the most valuable dietary constituents in milk, but 
9.1so because it is often a limiting factor in milk production, Ihe blood- 
calcium level in high-milking cows may decline to very low le^•els with the 
resulting dangerous “milk fever” (just as the blood-sugai le^el muA decline 
to abnormally low level in adrenal hypofimction or in low carboh>'drate in- 
take, causing “milk fever”). Under such or similar conditions, when the 
calcium outgo into the milk greatly exceeds the income from feed, the para- 
thyroid is hypertrophied in the performance of its function of mobilizing the 
bone calcium^^^ But in spite of the hypertrophy, the blood calcium may 
decline during heavy lactation and, in some species, during the latei phases 
of gestation. The low blood calcium in milk fever is probably not the result 
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of low dietary calciin., .)iit of the inability of the digestive, assimdatory and 
alcium-innhilizing ''echaidsnis ti> hee]) up with the inilk-seereting mecha- 


e 


nisms. 

Wtdle dairyinei' aould like to develop a more eilieient parathyroul in cattle, 
or a paratlivroid hormone suitalile for administration to cattle to avoid milk 
fever, the laire n ,ght I.e worse than the remedy. Increasing the parathyroid 
efficiency might weaken the hones and deteriorate the teeth, d he organisinic- 
liomeostatie viewpoint does not encourage iiarathyroid hormone administration 
to normal animals just as, as a rule, it does not eneourage the administration 
of other hormones unle.'S the animal is partiiailarly deficient in some one 

hormone as contrasted to tlie ahundaiice of othei tactois. 

Fortunately, as iireviously noted, the calcium-ion level in the blood is a 
function not only of the parathyroid-hormone k'vel hut also of calcium and 
vitamin I) intake in iiroper foriie’-''. d'h(‘ purely practical problem ot avoiding 
milk fever, therefore, seems to lie nutritional- .supiilying a high level of dietary 
calcium in proper form and vitamin I) (irradiated yeast now available in 
inexpensive form)’-b It appears'-' that milk fever in dairy cattle is decreased 
by feeding them a million I.U. units ^itamin 1) (irradiated yeast) 30 days 

before and 10 days after calving. 

The overall parathyroid function is to maintain constant the calcium-ion level in 
the blood scrum, if nccc.ssary by rcmoviii}; the calcium from bones. By decalcification 
of bone under adverse conditions of dietary calcium supply, excess parathyroid^ aggre- 
vates rachitic processes. Hyperparathyroidism causes serious bone disease. Vitamin 
D on the other hand, promotes calcium deposition into the bone, if necessary by lower- 
ine the blood calcium. In brief, while tl.c primary function of the parathyroid hormone 
is to maintain constant the calcium level in blood, that of vitamin D is to deposit calcium 
in the skeleton, which necessitates its removal from the blood. The two processes are 
balanced in a normal well-fed animal. The effect is opposite on serum phosphorus: 
parathyroid hormone depresses the scrum phosphorus, vitamin D raises it. 

While under conditions of dietary calcium deficiency vitamin D may, theoretically, 
reduce the blood calcium level by building it into bone, it ordinarily has a calccraic 
effect’ it increases the blood calcium level by increasing the calcium absorption from the 
digestive tract. Indeed, in case of parathyroid deficiency, vitamin D, (7-dehydro(^ho es- 
terol from fish livers), vitamin D. (calciferol, an activated crgostcrol) and dihydro- 
tachtUcrol (“A.T.IO”, also an activated crogostcrol derivative) tend to maintain the 
blood calcium at a normal IcveP^b A.T. 10 increases the blood calcium level but, 

unlike vitamin D, is not antirachitic. , . , , 

The obvious prophylactic against hypocalcemic milk f ever and rickets seems to be to 

“ it rnilK /ever,’- Crer. 

sr„. bl g 

vHamirDrand dihydrotachysterol is 4.5 times as effective as vitamin D,. E. W. 
McChesney, J* Nut., 26, 81 (1943). 
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feed u high level of ealeium \u availahK* foim ami inadialed yrast whieh, incidentally, 
also increases the vitamin 1 > levt 1 in milk. 

The growti^ of knowltaige of (he an-iloniy of the paiathyroids parallelled tliat of the 
thyroids, beginning with al'ovit l^^(t iSandstioinb I he relation of tlu' parathyroids 
to nervous symptoms has been knou n since about Istto \ Horsley. ( dey. Kohn), althoiigli 
it was not until HKIS that MeCallimi and N iu'gllin diseoveiial tliat parath\ roid removal 
in dogs is followed by abnormally low lilood ealeiiim and by •' twitching, rigidity, taeliy- 
pnoca, fibillary trenmrs, ineri-asitl rapidity ol the heart beat, etc.”, all of whieh arc 
overcome by intravenous inji'ction of a a per cent solution ol ealeinin acetate or lactate. 

This definitely established the fact th.it the parathyroids regulate ealeium metabo- 
lism. By 1925 potent parathyroid extracts had been prepareil, especially by Coliip^'^', 
which substituted for the parathyntid in iiaratliyroideetoniized animals ami caused 
hypercalcemia in normal animals 'k 

Much incidental information gradually accumulated, such as that the decline in 
blood calcium is associated with an increase in blood phos|)horuS'^'‘^ (there tends to bo a 
constant product of ealeium and plio.'^phatc ions; tlie C a P ratio tends to be between 1 
and 2, so that the proper functioning of tlie ealeium inetaliolism is also dependent on a 
certain phosphate concentration”'); that meat'” aggravates ami milk (or lactose”^) 
helps in maintaining parathvroidcctomizcd animals. At the same time tlie nutritional 
literature^^^, as well as the hormonal, indicates that lactose ingestion excits favorable 
influence on calcium as.similation. as does a proper C a ratio. Anything that decreases 
the solubility of calcium salts (as cxcc.ss oxalates, pliosphatcs, alkalinitv) decreases 

calcium absorption. 

The importance of ionic balance (“ionic antagonism ) on neuro-muscular iriitability 
and permeability, espcciall}* in relation to calcium ions, lias been long kno\^ and 
also its widespread influence as, for example, on bloo<l clotting, milk clotting, digestion, 
and BO on. The same is true as regards phosphorus, which is not only a part of bone and 
every cell but is important in intermediate metabolism (phosphorylation, see Ch. 6). 
The same substance, calcium or phosphorus, seems to be used for many different pur- 
poses in the body and deficiency exerts correspondingly widespread effects. 

7.6: Carbohydrate^fat metabolism hormones^^^ There is a similarity of 
pattern in the anatomy, pliysiology, and c\-cn in the liistory of our knowledge 
of the various endocrines and hormones and their intei relations. 

MacCallum, W. G., and Vocgtlin. C., Btdl. Johns Hopkins Hasp., 19, 91 (1908); J. 

V I n,id Scott J. W., Biol. Chen., 63, 439 (1925); 64, 485 
(19251^° 'Proc'Soc Exp. Biol. Mtd., 22, 560 (1925). Herman, L., Id., 

Ks ilinrr A M ct J Biol. Chem., 65. 117 (1925). Fisher, N. F., and 

LaVS,K;„.'&^o''76! 9^^ Tweedy, W. 11.. Free. .Soc Exp. Biol. Med., 24. 

'"rigr)""' 2.. m mny. j. bioi. 

14, 363 (i913)T6A 649 (1924) ; 66. Ip. 2'7 ^93%’ ^121^^580 '(m^ 

McLean, F. C.. el al.. Am. J '''' ^ ^ ^ 

77,^^(1926). S.lve8cn H .7. “’iiuBLn, c. F., a ol.. M., S4, 267 

f ■ » (iS 'A 001)1 i: bu . 23 , .22 (mw, 

•"Loeb,J.,yl7n. ’ ...liU „„,i insulin”. Lonemans. 1926 
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As ro^iiiids the earliuliydrate-metabolism liormone insulin, we have first the 
(lise.iverv of tlie relatinii of tlio disease diadctes to an organic lesion of the 
pancreas; second, duplication of the disease Iry removal of the pancreas”^ 
(Meriug and Minkowski, 1899); third, the correlation of the disease with 
speeiarstruelures in the i)anereas, the islets of Langerhans (Opie, 1901); 
fourth, the idea of the iiresence of a hormone (MAV. 35000, named “ insulin 
hy Shaffer in 191G); lifth, the search for and discovery of the hormone. 
Several groups of workers imk'pendently prepared active extracts, but 0116 ’^“ 
carried tlu' work to tlu' stage of successful substitution therapy in man. 

d'herc' is likewise a parallelism between the regulatory effect of insulin on 
blood sugtir and, for example, of parathormone on blood calcium. Bone is 
the bodilv reservoir for blood calcium, and glycogen is the bodih iesei\oii 

for blood glucose (Sects. 10.4 and 10.5). 

Insulin has at least three interrelated functions: (1) the homeostatic one 

(Sect. 10.4) of maintaining constant the glucose level in the blood by shifting 
the reaction glycogen ^ glucose to the right or left; (2) storing glycogen in 
the liver and muscle; (3) catalyzing the oxidation of carbohydrate. 

A more recent de\-elopment is that the anterior lobe of the pituitary has an 
insulin-antagonizing hormone, the so-called diabetogenic or glycotropic 
factoi-’’^*. Houssay^" reported that an animal made diabetic by removal of 
the pancreas is improved with regard to diabetic symptoms (high sugar and 
ketone bodies in blood and urine) and lives longer if the anterior lobe of the 
pituitary is likewise removed. Such an animal (depancreatized and hy- 
pophyscctomized) is called a“ Houssay animal”. It is, of course, very remark- 
able that an injury to two organs is more favorable than to one, and this fact 
emphasized dramatically the concept of balance. Young’^= confirmed the 
observations that hypophyscctomy decreases diabetic intensity in diabetic 
animals, and he further observed that administration of A.P. extract to normal 
animals may lead to severe, peimanent, diabetes. The effect is apparently 
by way of the islets of Langerhans, first overstimulated, than destroyed’^l 
Diabetes may thus result from pituitary overactivity as well as from pancie- 

atic underactivity. 

It is important to note that removal of the adrenals m diabetic animals 
likewise improves the diabetic condition^^'. The adrenalectomy effect is 
observed only in the presence of the pituitary, indicating that the pituitary 
hormone acts through the intermediacy of the adrenals. This has been 

adequately confirmed. , . . . , , 

The problem of endocrine balance and its relation to ketosis is so.impoitan 

310 R'lntinir F G and Best, C. H., J. Lab. Cliti. Med., 7, 251 (1922). di, ■ ; 

Houssay, B. a'.’, and Biasottl, A., (1940)’ ’ 

227, 239 (1931). Sec Thompson, D. L , J A M. A., 115, 2169 (1940). 

Young, F. G., Endocrinology, 26, 345 (DtO)- 

Campbell, J., and Best, C. H., Lancet, 1, 1444 (D38). 

Long, C. N. H., and Lukens, 4. D. W., J. Exp. Med., 63, 465 (1936). 
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in practice that it is dcsiralile to outline it. First is the fact that in their 
metabolic history fatty acids apparently pass through a ket<ine stage, most 
conspicuously acetoacetic acid, ('Ib t'tl-C'lli-C'OOlI. Hut tlie “ketone 
bodies” also include betadwdroxybutyiic acid, (.’IIs t'lIOlI C’lTo-C’OOIT, 
and acetone, CHs-CO-CIb. The overall reaction leading from, say, pal- 
mitin or palmitic acid to a ketone may he illustrated in several ways, for 
example, by the reaction 

C.«H„02 + 190^ > CIL-CO-CH. COOII + 12C0: + 13H,0 


palmitic acid 


acctoacctic acid 


The accumulation of ketone bodies in diabetes used to be exidained’^’ l>y 
assuming that their oxidation invoh'ed a coupling with carhohydixatc, that 
one molecule of glucose is needed to liurn “smokelessly one to ty\o molecules 
of fatty acid, and that ketone bodies form in the absence ol sufficient glucose. 

The current idea seems to be’’^ that carbohydrates arc not antiketogenic in 
Shaffer’s coupled-reaction sense but, more simply, in the sense that when the 
carbohydrate oxidation is low, fat oxidation is correspondingly high, and 
relatively high fat metabolism necessarily involves relatively high ketone 
formation. The fat metabolism is high when carbohydrate cannot Ire uti- 
lized, as in diabetes, during starvation (either total or specific carbohydrate 
starvation), when oxidation is confined to fat, following the administration of 
anterior pituitary “diabetogenic hormone”^^^. This is assumed to mobilize 
fat from the fat depots, causing hyperlipemia and fatty infiltration of the 
liver which liver fat replaces the liver glycogen (the effects of both insulin 
and the pituitary diabetogenic hormone are on the liver-ncither is effective 
in liverless animals^^), and the metabolism is largely of fats. Insulin and 
available carbohydrate prevent ketosis by inhibiting fat infiltration into the 
liver and storing glycogen instead ; the anterior diabetogenic factor, on the 
contrary, stimulates hyperlipemea and fat infiltration into the livei with 
consequent high fat metabolism and therefore ketosis. It is poss.b e that 
low blood sugar, or low dietary carbohydrate, stimulates the pituitary to 

produce the diabetogenic factor, ^ , . 

Ketosis is of considerable agricultural importance. IvctMis, like a certain 

type of milk fever caused by low blood sugar" (as well os by low blood cab 
•“Shaffer, P. A., “Ketogenic-antiketogenic balance”, J. Biol. Chem., 47, 449; 49, 

irSvine, R., Biolcgkal Symposia, 6, 64 (1941). MacKay. E. M., 

“Ketosis”, J. Clin on QuanlUative Biology, 6, 344 (1937). 

’" Long, C. N. H., Cold f ^ existence of ketonuria-producing hormones in 

A full review is presented ,„'^etabolism hormones and of other diabetogenic 

tor™L S ”o d.Xi"l. ■■Rol.rio.i of .'•"tcrio, piluilor, lo C. H. metobo- 

K.,. PC,.., a, 219 „925,. 

NilLSrAf iSSSb' 0,' k: .“toUon .’...oy”, •/. (W-d,. «, 38 S 

(1938). 
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ciiiin, discussed in the purathyroid section), is fairly common in high-produc- 
ing ruminants in late winter and early spring’^*. The explanation may be, 
roughly, as follows'"': (1) the soluble carbohydrates have been fermented 
and leached from the hay and silage by late winter and early spring; {2) 
great quantities of fatty acids are formed by fermentation in the rumen^y 
especially if the fodder is low in soluble carbohydrate, and absorbed; (3) 
lactation (and gestation) makes great demands on the soluble carbohydrates. 
The result of the low glycogen reserve is high fat reserve in the liver with 
ketone formation as explained above, dhe remedy is, obviously, feeding good 


roughage (containing high levels of soluble carbohvdiate) and, if necessaiy, 
such feeds as mola.sses, up to two pounds a day (to lactating dairy coa\s). 


Duncan, Huffman and Tobin reported that the acetone-body concentration in their 
cows suffering from ketosis was 23 mg per cent in the blood and 155 mg per cent in the 
urine. Following recovery, the concentration was, respectively, 3 and 54 mg per cent 
in the blood and urine. Manifestations of ketosis in cattle (depression or excitement, 
decline in milk production and feed consumption, depraved appetite, stiffness) are said 
to begin when the ketone bodies exceed, respectively, 10 and 20 mg per cent in the blood 

and urine. 


Summarizing, this section presents a diagrammatic outline of one aspect of 
the hormonal regulation of carbohydrate and fat (ketosis) metabolism, with 
notes on their relation to the nature of the food supply. Other neuro-endo- 
crine factors influencing metabolism were discussed in the thyroid and adrenal 
sections. Non-hormonal catalysts, including choline, influencing especially 

fat metabolism, are discussed in Chapters 6 and 20. 

7.7: Anterior-pituitary and growth hormones. The removal of the anterior- 
pituitary (A.P.) in growing animals not only stops growth but leads to 
marked loss in body weight'”. Growth is resumed at the normal or even at 
supernormal levels on injecting (but not ingesting, except possibly in some 
amphibians) A.P. extract'”, or simply by daily implantation of pituitary 

tissu6^^^. 

On the other hand, A.P. injection or implantation into nonnal animals 
leads in young animals to gigantism'”’ and in some species of adult animals 


Sjollema, B., “Metabolic cattle disorders”, Nut. Abst. Rev., ^ 

Duncan, C. W., Huffman, C. F., and Tobin, H. A., J Am Vet. Med. Assn 96, 
690 (1939). Boddie, G. F., Vet. Rec., 16, 1539 (1935). Fincher, M. G., Cornell Vet., 26, 
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46, 205 (1930). See also Thompson, K., and Gaiser, D. W., Yale J. Biol. Mea., 4, m 

^^^«?ktnam. T. S., Benedict, E B. and Teel, H, M . M^jfri 

Surg., 18, 1708 (1929). Teel and Cushing, Endocrinology, 14, 157 (1928). Evans, ivieyer, 
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(dogs, but not rats) to ucromeguly. In both thovc is morkod ^•is(’e^ompgaly^^®, 
increased size of chest, thickening of skin and increased liair growth. The 
effects on different organs varies with the spi'cies, y|ffanehoinegaly has been 
noted in acromcgatic Innnans aiui dogs and siilancliomicria in pituitary 
dwarfism. The spleen is hypertrophied to doul>le the normal size due to 
hyperplasia of the reticular and emlothelial cells oi the red pulp^"" and hyper- 
trophy of the liver by true hyperplasia^^b 

The female rats administereil intuit ary growth hormone by hvans attained 
700 grams as compared to 30()-gram litter mates; and male rats reached 900 
grams compared to 450-gram litter mates. The successive growth increments 
in the rats decreased with successive hormenie increments until further 
hormone additions were without (dfect. Forces other than epiphyseal clo.sure 
operate to limit growth. 

This upper limit may, perhaps, be reached without hormone administration 
by dietary means alone. Thus the Anderson-Smith fed rats'‘^'> weighed 300 
grams at 63 days, more than the hormone-treated rats of E\ans and Long^®® 
that weighed 228 grams at 75 days. The Anderson-Smith fed rats neighed 
500 grams at 123 days, close to the hormone-treated rats of Erans and Simp- 
sofl^ei that weighed 500 grams at 125 days. There may, however, have been 
genetic size differences between the Evans and the Anderson-Smith lats. 
So that these two groups of rats may not have been comparable. 

There is a large literature on pitiutary gigantism associated with pituitayc 
tumors’®^, and on dwarfism associated with defective pituitaiy inheiitance’®* 

or hypophysectomy^^b 

These observations indicate that the pituitary has a major function in 
growth and development. One problem at present under investigation is 
whether this pituitary control is (1) direct on the growing tissue, by means of 
specific growth or somatotropic hormone(s), or (2) indirect by way of pituitary 
trophic or tropic hormones, which act as tiiggeis on other taiget en o 
crines, exemplified by action of the pituitary thyrotropic hormone on the 

Perla, D., J. Exp. Med., 63 , 599 (19f )•_ 

Brues, A. M., el al., Arch. Path. 22, 65S (^936). (1932). 

Anderson, W. E., and Smith, A. H., V’l92lV 23 19 (1922) 

Evans, h! M.. and Long, J. A., Anal. Rec 21 62 1921). 23, 19 (1J22). 
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Cushing, H. The pituitary Doay Monograph of the Rockefeller In- 

“Gigantism” Ann. pituitary dwarfs”, Intern. Climes, 3. 
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tliyroiil, wliicli in turn controls growth aspects (Fig. 7.3). It is evidently 
a diflicult, if not iinpossil)lo, task to separate these two different types of 
controls. 


The followinj' recent data^®^ on the growth of a human giant are instructive on what a 
pituitary abnormality may lead to. Tlie parents, brotliers, and sisters were normal 
(Fig. 7.6). 


Arc 

WeiRht 

Height 

(years) 

(ILs) 

(feet) (inches) 

Birth 

SI 


X 

2 

30 


9 

178 

6-0 

11 


6-7 

14 


7-5 

19 

435 

8-6 

21366 

495 

8-8 

22 

491 

8-9i 


(died from infection 
of foot) 


The literature reports taller men (cf. Biblical 9 ft 9 in for Goliath, 9 ft 9 in for an 
Arabian giant reported by the Roman Pliny, etc.), but Dr. Humbred believes that this 
man, less than 9 feet, is the tallest on record, representing the genetic ceiling. 

Though large, these giants are weak. Thus injection of A.P.E. enlarges the liver, 
but the enlargement is often associated with a central atrophy or necrosis^®^. Similar 
results of external enlargement and internal degeneration w’^ere reported on bone growth 
in guinea pigs and micc^*'*. 

The medical literature is concerned with the use of growth-hormone preparations on 
various types of dwarfs. Dwarfism is commonly divided into: (1) anterior hypopitui- 
tarism; (2) primary anterior pituitary and secondary thyroid deficiency; (3) primary 
thyroid and secondary anterior-pituitary deficiency. Uncomplicated hypopituitarism 
(normal except hypofunction of the eosinophil cells) is associated with small size but 
normal proportions; hypothyroidism is associated with abnormal bodily proportions 
and maldifTercntiation.^ The thyroid and pituitary— as well as many other endocrines— 
act synergistically. The therapeutic hormone preparation necessarily varies with the 
cause and nature of the dwarfism. The pituitary dwarf, whose bodily proportions, tex- 
ture of skin and hair, and mental development are normal, although often sexually un- 
developed, is treated with the “pituitary growth” preparation. The thyroid dwarf, 
whose bodily proportions, texture of skin and hair and mental development are ab- 
normal, is treated with thyroid. Because of the synergistic interrelations of pituitary 
and thyroid hormone, both are often employed together. Certain types of bone-growth 
dwarfisms may be associated with defective adrenals. It has been reported^*® (but not 
confirmed) that adrenalectomy results in a stunting of bone growth similar to that of 
hypophyscctomy. Whichever the mechanism of action of the pituitary on growth, it is 
undoubtedly indispensable during postnatal growth and development. 

But in early prenatal life, prior to the development of the functional pituitary and 


3^5 Humberd, C. D., /. A. M, A., 108, 544 (1937). See also Gray, H., “The Minneapo- 
lis Giant”, Annals. Intern. Med., 10, 1669 (1937). For the older literature, see Silber- 
berg, M. and R., Arch. Path., 36, 512 (1943). 

Time March 20, 1939, ^57. ^ n i t? m Am no^m 

3S7 Putnam, Benedict, and TeeP^®. Downs, W. G., J . Deni. Res., ik ra 7 

Silberberg, M. and R., Endocrinology, 29 , 475 (1941); also Am. J. Path., 16, 547 

(1939); 16, 491, 505; 17, 189 (1940). 

369 Ingalls, T. H., and Hayes, D. R., Endocr., 29 , 720 (1941). 



iioini(K\i':s 


197 


the other eiulocrines^'*^. the chirk cinhryt) fur example, seems to be doing well enough 
without the pituitary and at ages when growt li and development are most rapid. Does 
the egg contain all the hormones? Are tliese growth-development catalysts needed in 
later life only to overcome some back pressure, some “resistance”; or are the iiormoncs 
needed to “detoxify” something that develops with increasing age? 

Primitive organisms do not hav<‘ this elaborate net-work of cndocriiics. Indeed, it is 
said that early removal of the anterior pituitary in so higlily evolved an organism as the 
oxolotl salamander docs not interfere with growth'-b Time, and stage of maturity, 
both individual and racial, seem to be decisive factors in the production and action of 
endocrines*'^. Increasing involvmcnt of ever more complex integrating devices — 
neuro-endocrine systems— is a conspicuous feature of organic evolution, both individual 
and racial. Simple cell division under simple nutritive conditions docs not appear to 
require a pituitary or other endocrine. 

lO 
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. Fig. 7.6-Comparative growth of normal and giant bo.^■s. The values of the exponent 
m the equation indicates the relative (or percentage when mullipl|ed by 100) gro.Uh 
fates. Thus prior to age 9 or 10 years the giant grew at 20.9 p, while the normal boy grew 
at 10.9% per year (for elucidation of growth rate see On, lob 

The investigational difficulties are complicated by racial as well as species differences 
Thus different dove races vary in their thyroid size’’^ and in pituitary lactogenic 
hormone (prolactin) concentration”^ Differences in lactogenic hormone concentra- 
tion were also observed between beef and dairy cattle’”, goats’”, rats’”, mice’”, and 


"" Cf. Collip, J. B., el ah, Nature, 131. 56 (1933). Tugo, N. W., J. Exp. ZooL, 86. 

Marfinri^i a/" 4 pL 79 *^73 ('1941) (thyrotiopic hormones in the chick first 

fcdo'A LS s.yr n. mITU (.oA) (thyroxine ..e.etion In fe.nl 

® Koger, M., Meites, J., and lurner, . • ij p r Dnim 22 1 

Reece R. P., Hathaw^ay, L L., and Dayis H P , > 22. 1 (1939). 

Hurst; V., and Turner, C. W., Endocrinology, 31. 334 (1942). 
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dogs^’’- vurious a^cs and pcrioils <if gt statiun aiul lactation (lactogenic hormone 

per mg |>itiiitai v is about D 01 I T. in Tioii-lactating and about 0.05 I.U. in lactating 

miot'. rats, ainl ial)l>itsi. . - * i a- j 

The analylie (lifliculties an- farther rnultipliod hy (tifferoncos in interrelations and 
s.vnergisms in dilTcreiit species, d ims tbc tlivrotropic and lactogenic hormones are 
synergistic and luutu.ally supplementary in their effects on growth in dwarf mice*«‘ 
and in heat produetion in picreons^''v aiul so on. 

The aliofo discu.s.sioii iloi's not answer the question as to whether or hot 
there is anterior-pituitary liornnme acting directly on body growth (independ- 
ently of otlu'r targi't glands), as is lielieved hy lavans. General agreement 
will prohably he delayed until (1) the pure A.P. growth hormone (if such is 
present) is ohtaiiuMl, anti (2) it is demonstrated that it does not act on other 
ondocrines, or that it stimulates growth in the aVisence of other endocrines or 
hormones— [xM'haps an inipossihle demonstration since giowth is an overall 
process, the resultant of inmimerahle interrelated factors. It therefore seems 
most logical to assume that growth is a function of many hoimones, not of 

one speeifie growth hormone. 

The most interesting agricultural leatnre of the claimed effect of A.P. 
“growth hormone” injection in young animals is the increase in growth rate 
and ultimate body size in geiun'al and protein retention in particular. The 
ultimate body size following A.P. “growth hormone” injection is apparently 
not larger than can be obtained by proper dietary means’”. The important 
claim, somewhat difficult to accept, is that on a given quantity of the same feod 
(when tlie animals are said to he “pair fed”, see Ch. 20) animals treated with 

A.P. extract grow faster in weight”'. 


Lce’*^ reported data on four groups of rats: (1) one was analyzed at the beginning of 
the experiment; (2) another served as control; (3) a third was treated daily with 3 rat 
units of pituitary growth extract, and was restricted in food consumption to the same 
amount as that voluntarily eaten by its control mate; (4) a fourth was likewise treated 

with growth extract but was allowed food ad libitum. 

Lee’s data indicate that (A) the treated animals on the ad libitum diet consumed 10 

to 15 per cent more food than the non-treated controls; (B) the treated animals gained 
more weight than the untreated even if pair-fed (consuming the same amount of feed 
as the controls); (C) the heat production per unit area was the same in the treated and 
non-treated animals. The apparent conclusion is that growth hormone not only in- 


»» Stockard, C. 11., “The physical basis of personality”, New York, and “The 
genetic and endocrinic bases for differences in form and behavior , Philadelphia (Wistar 

Bates, ’R. W., Laanes, T., McDowell, E. C., and Riddle, 0., Endocrinology, 31, 
53 (1942). 

383 Bryan,’!! H.’, and Gaiser, D. W., Am. J. Physiol., 99, 379 (1932). Anderson, W. E., 

^"m®Lee%^b^>rot’/Sn.^/fw. Menial Dis., 17, 193 (1936), based on: Lee and 
Schafer, n\., Nut., 7. 337 (1934); /. BioLChem 108, 355 (1935) Lee and Ayres, 
G. B., Endocrinology, 20, 489 (1936). Marx, W., el al.. Am. J . Physiol, 136, 614 (1942). 
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creases food consumption, but also iiuToasrs wi i^ht ^ains, ovrn it tlio food (.‘onsuiiiption 

is not increased. 

Lee’s results, illiistrateil by bij:. 7 Ta.bst'cin luiz/lin^. Inaaiisr tli.- liorniono-injeotod 
rats gained more woi^lit tlum tlu* controls in spite of tlu* fact that (a) tlic\ consunu’d no 
more food than the controls; 0>'i they must have had a hi^lier niaintmance expense than 
the controls because they were larj^er; (d tliey probaldy had a higher maintenance 
expense because, being restrieted to tlu' food intake of tlie .*^inallci animals. tlie\ \\(.ic 

probably hungrier and more resth'ss. 

How 'should one explain in the faee of the second law of theriuodynamies (Ch. 2) 
the greater weight gain of tlic liormoiu -t.i'atca animals on the .same energy intake as the 
controls? One possibility is that tin- dilTerences in weight gain are .lue mostly to tlif- 
ferences in water, with proportionally greater protein ami miiuTal storage (the caloric 
value of 1 g of fat gain is cquiyalent to S g of non-fat gam). '1 Ins uhai that the weight 
gain represents not energy but largely water is substantiated by tlio following tabula- 
tion (last column by the writer) of Lee s data. 



Gain in empty 
carcass, weight 

(g) ; 

G.-iins in empty carcass (g) in the form of: 

Estimated Cal 
in carcass, 
assuming S.7 
Cal/g protein 
and 9.4 Cal/g 
fat 

Water 

I'at 

1 

Protein 

Ash 

12 controls 

12 treated 

716 

1217 

324 

771 

281 

162 

06 

237 

22.7 

45.1 

3180 

2874 


The stored energy in the treated rats is seen to be kss 
The larger size of the treated animals is due mostly (about 90 per cent) to "atcr gam 
with coLsponding gain in protein and ash (ratio water to protein is about 3.3 in both 
groups; rath) of watSr to ash is about 14 in the control and about 1, m the treated ani- 
Lls) . This result is somewhat similar to that on growth-acceleration of mice by thyroid 
administration; the gains were due not to total energy but to extra water, protein, and 

mineral storage protein, and ash content of the treated rats as due 

tn tK *TTmtnritv“»5 in the sense that “the increment of body material during 

...ive g„w.h i. •';» chnnso, in bo.iy nxight nnd 

..d „lts .nd low content of 1. 1. rote pnir-teJ 33 day, (Fig, 7.8B). 

body composition of normal and hj pop J Wpophysectomized rats lost weight much 
In spite of the same energy consumption, tne nypopio 

more rapidly than the controls. the A P -injected animal was termed by Lee 

(This inte^ by him as due to storage of the labile 

lability of growth effect , control animals overtake and pass their 

eJt^’h'^ mates”" L^’s "interpretation that A.P. growth-hormone injection 

accelerates true growth is substantiated byjru^^^^d 

tion after partial hepatectomy m , ; f uver components in the same 

The increase in size was due ‘ru ‘lyp-pl-a^ . ° P 

proportions as they existed mi i ^ ^,1 visceral organs grew more rapidly 

water, ash, and protein than in the co 


70 


r^. B7 79 (1923). The mammalian embryo contains 

••‘Moulton, C. R., J- Biol, ’ .jie mature animal contains about 20 times 

to 100 times as much water as nitrogen, 


as much water as nitrogen. nons) 

•“Rubner, gggj 

W.; », 493 (1940). 
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Fig. 7.7a— Growth of Lee’s pair-fed rats, controls, and pituitary-treated. 
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following horniono iujortiou ihan the body as a whole. Thus in .logs made aoroincgnlie 


by A. ?. giwth extraets. the ratio 


weight lioi inone-tieate.l animals 


was reported^^ 


weight eontrol animals 
to be 1.S7 for the body ns n whole; 'J;:, lienrt ; 3.:.0, lungs; 3 IJ, liver; 1 IG, spleen; 2.G7, 
pancreas; 2.43 kidneys. The glomeruli and tubules of the kidneys were greatly en- 
larged, and subcutaneous aiul omental fat deerea.sed. 

The A P Growth extract stimulates the activity of the periosteal ossification zones”' 

without the benefit of increased |ihosphatase activity”b However, as previously noted, 
the larger size may bo associated with internal degeneration. 

Summarizing, the anterior-pituitary occupies (lie liiglicst position m the 
endocrine order of growth regulators. However, the pituitary does not seem 
to be essential in earlv embryonic grou t b, and it may et im be removed m 
some lower forms, for example, amphibian larvae, without inhibiting growth. 
Moreover, growth continues for a consideralile time even alter the pituifary 
is removed. At later ages, however, the pituitary a,ipcars to be nuhspcnsable 
for growth and even for maintenance of mammals. 1 his result is not surpiis- 
ing since, as explained in Sect. 7.1, removal of the pituitary leads to atrophy 
of many of the major endocrines, such as thyroids, adrenals, islets of Langcr- 
hans, and others, thus interfering with the anabolic processes, (u’ow h and 
maintenance could not occur without some of the major internal metabolic 

catalysts. . • .u 

There is no agreement on the answer to the question concerning the piescnce 

of a special somatotropic hormone independent of the other pituitary tropic 

hormones. The evidence favoring Evans’ theory is that cei tain A.P. prepai a 

tions injected at a proper age in susceptible animals induce gigantism in young 

animals (rats at any rate) and acromegaly m mature animals (some breeds 

dogs at any rate), resembling the corresponding states in man suffenng fiom 

certain types of pituitary tumor. ^ gigantism is delav in 

epiphysial closure and J fh/, ituitarv growth factor(s). 

The benkeial effects of pituitary administration to dwarfs is not pi oof of 

he preeer.ee of a epecral gjmrth ho, monc P 

ropre hormones for o her To jorv after insolir. therapy-, 

irf' 7T 7' ’’i n'fToroduction is also under A.P. control) has growth- 
mdrcating that rnsuli ( P carbohydrate melahohsm. 

promotmg properties growth’'’’, and so adrenal deficiency 

Similarly, adrenalectomy prevents bone giowm , 

Putnam, Benedict, and p /. Pharmacol. Exper. Therap., 38, 349 

»» Handelsmann, M. B.. and Gordon, M. n., 

(’*930). , , r ph,Mol 112, 477 (1935). 

’•■Wilkins, W. E., etal, ^^■.^■^'f^docrinology, 27. 329 (1940). 

••’Ross, E, S^, and McLean 
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ItosB, E. S., and McKean 

Beck, H. G., and SiRer, G- 720 (1941). 
Ingalls, T. H., and Hayes, D- H., la-. 
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mav l)e coirected l)v A.l’. adiuinistration, as A.P. contains an adrenotropic 
horniono. 

7.8: Notes on miscellaneous hormones 

7.8.1: Hormones in evolution. The funrtioii of a given hormone may vary in different 
organisms, at tiifTcreiit ('volntionary levels. 1 Inis in Iowan* organisms, there are sub- 
stances — such as estrin in insects, adrenaline in worms, oxytocic principle in fishes, 
progesterone in beans — whicli appear to he useh'ss to them hut which serve as hormones 
in more evolved organisms^*’^. More(»^'C'^, a given hormone may act on different tissues 
in different species. Thus, lactogenic hormone slinuilatcs the mammary gland to se- 
crete milk, and the pigeoirs crop gland to proliferate and to secrete “pigeon milk”. 
The testicular hormone is required for tlic growth of antlers in the red deer, but not in 
the reindcer356. The ovarian hormone is necc.ssary for sexual dimorphism of feathers in 
the fowl, hut not in the sparrow*, where it is controlled by the chromosomes of the epi- 
dermal celIs^^^ 

Kcith399 in England and Stockard”^ in the United States discussed the problem of 
hormones in evolution*®®. On the basis of his data Stockard concluded that breed char- 
acteristics of dogs are apparently due to endocrine peculiarities, and that these arc 
transmitted in Meiulelian manner. 

Such characteristics as malcness, fcmalcncss, broodincss*®', aggressiveness, and simi- 
lar emotional patterns, or psychic states, so important in evolution, seem to reflect 
neuro-endocrine patterns. Indeed, the broodiness (maternal drive or maternal instinct 
in birds) may be measured quantitatively by the amount of prolactin in their pitui- 
taries*®^, and the potential genetic reproductive ability of domestic fowl may perhaps be 
measured by the quantitative response (increase in weight) of the gonads, thyroids, and 
combs on the administration of a given dose of anterior pituitary (gonadotropic and 

thyrotropic) extract*®^ 

7.8,2: Endocrlnes in embryogenesis'®*. Embryonic growth and development are said 

to be stimulated by “hormones” named evocalors, particularly involved in the quantita- 
tive aspects of growth, and individuafOTs or organizers^ especially in developmental co- 
ordination, differentiation, and morphogenesis (Ch. 17). 

In the egg stage, the individual exists in a potential form of extraordinary plasticity. 
The egg may divide to give rise to several individuals. Human identical (monozygotic) 
twins result from complete division of a single cell (Siamese twins from incomplete divi- 


Collip, J. B., iSci. Monthly (Nov., 1936); Thompson, p L., iVaiure,80» 543 (1932). 
However, the antler in the red deer is anatomically distinct from the antler in tne 

c* ndcGr 

Danforth, C. H., “Relation of genetic and endocrine factors in sex”, Ch. 6 in Sex 

and Internal Secretions (Ed. E. Allen), 1939. . u. r .i i ... *i.Dr.rv” 

Keith A “The evolution of human races in the light of the hormone theory , 

Bull, ./ohns’ Hopkins Hosp., 33. 155, 195 (1922); Nature (Aug. 18, 1923). 

’9’ Stockard, C. R., “Human types and growth reactions , Ain. J . Anal., dl, Mi 
(1923) “The physical basis of personality”. New York, 1931. Also, Am. Anatomical 
Memoirs, No. 19, Wistar Institute, Philadelphia, 1941. 

<"'> See also, Zuckerman.S., Man, 36, 129 (1936). n - r ois fiwp 

Riddle, 0., Cold Spring Harbor Symposia on Quanlilalive Biology, 6, 218 (UiO, 

10, 12 ( 1942 )’; Sci. Mon/Afi/ (Aug. 1938). n- 7 nr j oa qaa 

Bverly T. C., and Burrows, W. H., Proc. Soc. Exp. Biol. Med., 34, 844 (1936). 

Munro’ S. S., ef af., Am. A^a^uraitsi, 77, 256 (1943). . 

Needham, J., Proc. Roy. Soc. Med., P- 157 ^ 1936 ). Spemann H . Embry^^^ 

development and induction”, New Haven, 1938; Brit. - figog)’ 

T. Cr and Graff S.. Cold Spring Harbor Symposia on Quanittaitve Biology y d» 
Waddineton C H., Proc. Roy. Soc.y 126B (1938). Needham, First Growth supplement 
a9S) 45 ’ Waddington, Id yp. 37. Needham, J., “Biochemistry and morphogenesis , 

Macmillan, 1942. 
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uion). The of t!»o 'roxus ;vno:ulilln n iiul h l> (iivi<lr into finir pruts, giving rise to 
four young, lu some prirriMtic iixrrls mir iitlrii tonii'; ;is many :h LVKIO sopar.atc 
enibvyos^®*. Spemami ami otluas pi.>ilm'»’<l “ si'i’i>nil:i i \ nnlnyos hy “ imluetion”. 
But this plasticity r;\pi(ll>' tUa-liiifs with ilitlru nii iti.iii. 

Spoiuaiin^'^’ Began liis residu e li 1 1 > ilrt (‘rini m‘ \\ hi t In* r t lie eau -es ol riiihi'yoiiie difforen- 

tiation arc chiellv intiinsie or exli insie. lie ent in tun. in vai nnis planes, eggs and early 

% 

embryos of oowts. I'rior to tlio :i wliolo oiiiioyo ot hall-si/o (lcv(*Iopcd 

from each half of tho Oj;!:. provid.d tlio cuttiiii; \v:is in tin- inoilian plane. Following the 
gastrula stage, when "labile detei ininaliioi beeoines tinal . entting of the gastrula 
results iu abnoriualities, and Lleteinhnation of the einbrvoine pait.s si’ennai to be fixed. 
The above diseiissiou iiulieate.s that the ile.'itinies ol the paits of the einbno arc not 
fixed at the beginning, bnt beeonie so only as tho'elopinenl pioeeeds. 1 hose oaily po- 
tentialities rapidly disapiiear; each part aeipiires ilelinite destinie.s wliioli cannot be 
altered by experimental jiroeediire. Speniaiin deinoiistiateil tlie prestniee of growth 
organi:crso( various grades. He found that the /o ,!<l r would iiulnee head.s cither 

in head or tail region (individnatioiO, and that Uul najani:, would iiroduee heads in 
the head region and tails in the tail region (evoeationi. The rom/iW, nee, the response of 
the receptor tissues to the organizer, to form head or tail is determined by the age of 
the tissues as well as hy the organizer. Tims at iir.st gill-forniiiig competence is present 
over all the surface of tlie nennila, ImUlater it is foninl only in the gill area. 

The chemical nature of the evocator is iiulicatml hv the fact that it is not destroyed 
by boiling<»« Coagulated dead pieee.s of dorsal lip induce secondary neural axes just as 
when living. Amphibian eggs coagulated by heat can i.roducc new eye.s and lenses when 
implanted^". Cell-free extracts from ncurulae induce neural tubes when implanted in 

other 6 nil}rvos^®^ 

m. ^ I , . ,, 1 } .,.,pc The adult mammalian liver is rich in them'*®®. 

The organizers arc found at all ages, mcauu 

T .V y 1 •• ;« nr.Mlirnrescnoc of the “hormone , but the presence 

In other words, the decisive factoi is noi uic ^ 

e . XI X- * ofTf.nfr(l hv it T ic conccpt of liormone and tissue^ 
of the competence in the tissue to bo atlectcu o) lu i i 

competence, or trigger-target, relation is true for all hormones and tissues at all ages. 
Thus the la togenirhormone stimulates only tlie pigeon crop to grow- and the marnmary 

gland to secrete milk; estrogens stimulate 01)1} KI1UIU.K x- i * • i j 

f'oono 'T'l-.p Qi*£y£iiiizcrs, like sex hornioiics, cortical steridcs, and 

gens stimulate male sex tissue. incoigam/Aia. ^ 

vitamin D, appear to contain the cholesterol ring (t'lg i.i). , „ . 

, mnv be due to the presence of uncontrolled evo- 

cators or growth hormones, and also to the escape of tissues from the influence of the 

individuation field” 10). ^ ^ dietary factors. Thus a sow receiving a 

The growth evocators may be jdevoid of cye-balls«« or limbs«‘. These 

r&tion doficiGnt in vitJirnin A muy fv\rroN' IB • v ] 

lion aencieni in v\ux ^ j interrelations between vitamin, hormone, and 

defects may be expressions ot lauit} i 9 a 9 } 

target tissue (see, however, Sects. 7.3.2 an - • ‘ , xu xl „ i 

In closing, Ue Is tempted to mention the spectacular rep orts on the gro^^ th accelerat 

Patterson, J. T., I 79 ( 1932 ); J. Exper. BioL, 

^/“®Waddington, C. H., Phil (1933). 

136 835 (1035)- Needham, ei a/., Proc. 

393 (1934); Spemann, et 13* 02 (1936). 

‘“•Waddingtonand Walsky.A ,./. Axp. a ^ 

Needham. Wadd.ngto_n.a„d^Nee^^^^ _ 27. 475.(1930); 31. 419 (1934); 

(lyoo). 

443 (1939). 

E s’s.' GoldTng: j:.’ Drummond -I. C.. ana e^owaru, xv, xx.. Bicchem. J.. 16 . 

427 (1921).’ 


Roy. Soc.j 114B, 
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ing effects of tliynius extract"- fin the tcntli generation tlie rats matured in about one- 
fifth the usual time) and growtli-retarding effects of a pineal extract"’. These have not 
yet been confirinecP^^ 

The su]>])<>setl giowth-accelcnitinjr ('ITocts of the thymus extr.ict were attributed to 
its glutatliione, and similar results were said to have been obtained by injecting rats 
with glutathion(‘“\ There is a wide belief iliat glutathione stimulates cell prolifera- 
tion^’'^ (see also Ch. 6). The problem appears to i)e confused and seems to have been 
dropped for the moment. 

7.8.3: Notes on green-plant hormones^‘\ As previously explained (Sect. 6.4.3), the 
meniber.s of the vitamin li complex of tlie animal nutritionist are identical with the mem- 
bers of the bios complex or the “growth factors” of the microbiologist. The self-suffi- 
cient green plants also ncecl these factors, but green plants produce them internally, as 
animals produce hormones internally. Therefore, by definition (Sects. 6.1 and 7.1), 
these factors are vitamins (exogenous catalysts) to animals and hormones (endogenous 

catalysts) to the self-sufficient plants. 

The plant hormones are produced not by endocrine glands (plants have none) but, 
perliaps, by the undifferentiated, rapidly growing embryonic tissues; formation of proto- 
plasm and of hormones may be simultaneous in the same growth centers. 

As is generally known, there is differentiation of functions between leaf, stem, and 
root; and looking back, it would seem natural to^ssumc that some of the plant hor- 
mones might be produced in one part of the plant and not in another. This \\as indeed 
beautifully demonstrated as regards thiamine (vitamin B]), pyridoxine (vitamin Bo), 
and nicotinic acid. 

The demonstration, conducted by Robbins and associates at the University of Mis- 
souri, consisted in cultivating excised tomato-plant roots iti vUto in a nutrient solution 
of sugar and salts, with and Avithout vitamin supplements. These isolated roots did not 
grow on the basic sugar-salt solution, but did grow when supplemented with a crude 

yeast extract^’® and still better with whole ycast^*®. 

A search for the essential yeast constituents proved them to be thiamine^^® and pyri- 
doxine^’. A similar, independent investigation by Bonncr«2 showed that excised pea 
roots need tliiaminc and nicotinic acid, and flax roots need only the thiamine supplement. 

In addition to the vitamin type of plant hormone, there are others, the best known of 
which is auxin (auxin A and auxin B, or auxentriolic and auxcnolonic acids). 

The auxin was isolated (interestingly enough, from urine), structure determined, and 


^’2 Rowntree, L. G., ei aZ., Endocrinology, 20, 342 (1936) ; 21, 659 (1937); 22 335 (1^38). 
Rowntrec el al., J. A. j 1/. A., 106, 592 (1935). Ann. Int. Med,, 9, 359 

Nm/oS rg’;,!.,,. J. 130. 67 (.010); 

693 (194()), Smith, G., and Jones, E. E., Proc. Soc. Exp. Biol. Med., 43, 157 (1940). 
Evans, el at., Proc. Soc. Exp. Biol. J/cd., 46, 411 (1941). 

Rowntree, el al., Endocrinology, 23, 581, 584, 593 (193/). m -t o 

■>16 Hammett, F, S., Proloplasma, 7, 279 (1929); 11, 383 (1930); Proc. Am. Phil Soc., 

68, 151 U929), and many other papers. Voegtiiii, C., aud Chalkey, 

Reports 46,3041 Cold Spring Harbor Symposia onQuanlilative Biology [IJ&i). 

There is a very large literature on tliis subject which this section does not intend 
to cover. A few key references: Wendt, F. W., and Thimann, K. V., “Phy^hormones , 
1937. Boysen-Jensen, P., “Growth Hormones in Plants”, 1936. Avery, G. S., Second 
Growth Supplement (1940), p. 73. Wendt, F. W., American Scientist, 31, 189 (1943). 
Avery. G. S., Jr., also Van Overbeck, J.,Hamner, K. C.^n Cold Spring Harbor Symposia 
on Quantitative Biology, 10 (1942). Harris, R. S., and Thimann, K. V., Vitamins and 

hormones”, New York, 1943 and 1944. * 

Robbins, W. J., Bot. Gaz., 74, 59 (1922). 

White, P. II., Planl Physiol., 9, 585 (1934). 

Robbins and Bartley, M. A., Science, 86, 246 (1937). 

^2’ Robbins and Schmidt, M. B., Am. J. Bol., (^^.^39). rj ua ku 

«2Bonner, J.,*8cic/ice,86, 183 (1937). Bonner and Addicott, F. T., /d., 88, 577 (1938). 

Addicott and Devirian, P. S., Am. J . Bol., 26, 667 (1939). 
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named bv Kogl^”. Auxin A has the enininisitiun ('ellsjOs and eontains tliree hydroxyl 
groups forming a lactone. Auxin B has the eoiui.osition t'lOl nO,. an ison.ene B-koto 
acid of auxin \ There are also many “ heteroauxins'', laboratory products which show 
auxin effects on plants, the best known and most etTe. tive of which is indole-it-acet.o 

acid, also first isolated (Iroin urinel by Kogl'-‘. , i 

Auxin is widely distributed, inllueneing, among other processes, the grow h rates and 

thereby the pro>yth form (fh. 171 of ,dant embryos, seedlings, and stems. .Many growth 
peculiarities and abnormalities are su.iposed to rellect eorrespoi.ding patterns of auxin 
distribution. The auxin concentration in giyei. positions may be inllueiiced by tem- 
perature light grayity, x-rays, ultra-short radio wayes, and certain gene peculiariti s. 
knt cunurtur^s or tropism.s' (heliotro,,ism. geotropism, etc.) are thus explained by the 

effect of light gravity, etc. on the auxin distrilmtion. with resulting d.fierences in grow th 
cttect 01 ng • photoixM-icHlism of plants {C\x. S) is siinihrly cxphuntHl by 

ter Vhfupriel t trim-tl, n[ ,.1.1.0 is H iW ol 

J ...Ifi, rrravIPitional nulB of soinc corn varieties is explained b\ lack oi 
m accordance with graxitational pu ^ ^ dwarfism, as illustrated by the 

ability to shift auxin in rospoi c ‘ destruc-tion by the grnc and 

corn var ctv nnna, is explained in cxcismm 

^ I . . Mn.I di-vcloonieiit roniiiHls one of the tliyroxinc 

The auxin effect on p an . gio - influence of temperature and otiior 

effect on animal growth and „„ pi^mts is similar to 

that of thyro.xineon animals. to be a similarity or analogy between 

leads to unfavorable results . H ’^^tabolisin” or respiration rate«^ 

the effects of auxin and thyroxine on basal morai 011 

7 9- Stimmary Tire introduction (Sect. 7.1) is an extensive sumnrary of 
7.9. bummary. a e interrelations between vitamins 

this chapter. f (endogenous catalysts). Special atten- 

(exogenous catalysts) and 1^°*" hormones in reproduction, 

tion is given of minerals, carbohydrates, and fat 

(ketosis) ; to the ° heileen immediate and long-range efficiency 

of considering ,elated to hormone administration, 

of agriculturally ^ this balance concept. 

The following quotation is a - , r • * 

^ in pndocrinology which emerges from the fevcnsii 
“The most important concept ‘ endocrine balance. Discovered and re- 

activity of the past decade is the p J;.jr^(loxical truth has dawned finally that man 
discovered by several investigators, glands than from losing a single one. 

or beast may suffer less from t e secretions supply a partial antidote, so that 

For each of the precious juices tne 01 poised. llenccfQrth the practicing 

health and personality may be preservee ■ ,nust think in terms of integrated hor- 
consultant and laboratory investiga 01 , 

monal effects*\ 


Kogl, F., J. Soc. Chem. see Zimmerman, I . W., and Hitchcock, A. E., 

■■ For other synthetic / n041)’- 12, 321 (1013). 

. Boyce Thompson Inal., 1 • ooij’dOSS). 

Van Overbeek. .1., 13 587 (1938). 

«• Van Overbeek, J-. nof u'wi (1937). , 

«’ Thimann, K. V., y Gen. Physiol., 24, 2/9 (19fl)- 

Press, 1940* 
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Chapter 8 


Metabolic Catalysts in the Efficiency Complex: 

Seasonal Rhythms 


Once in each revolvin^^ year 
Gentle Biixl! We find thee here; 

When nature wears her summer vest, 

Thou com’st to weave thy simple nest. 

Anacreon 

Speaking teleologically, the breeding season is regulated by the times 
most suitable for the young to be produced and reared. F. H. A. Marshall 

8.1: Introduction. The sun, some 93 million miles awaj% is the celestial 
limiting factor in life processes in furnishing not only enei'gy (Ch. 2) but also 
catalysts which directly or indirectly condition many activities, one of the 
most dramatic of which is seasonal sex activity. This is not a new observa- 
tion, as indicated by the above quotation (cited by Rowan) from Anacreon, 
600 B.C. Systematic investigation of the involved clock-likc timing is, how- 
ever, recent. The purpose of this chapter is to present several new observa- 
tions on the seasonal metabolic and growth rhythms of goats' and fowls^ 
against the background of the literature.* 

An evolutionaiy understandable but physiologically confusing arrangement 
is that breeding in different species occurs in different calendar months, de- 
pending on the length of the gestation period in relation to food supply and 
warmth ; that is, mating occurs during such time as will be “most suitable for 
the young to be produced and reared”.^ This means that each species has a 
different physiologic timing mechanism for responsiveness to the activating 
agents. Some species are stimulated to sex activity by increasing daylight, 
or/and increasing temperature (spring), others by decreasing daylight or/and 
decreasing ten\perature (late summer, autumn). Maize and soybeans bloom 

* Brody, S., Sandburg, Mrs. Carl and Asdell, S. A., Univ. Missouri Agr. Exp. Sta- 
Res. Bull. 291, 1938. Brody, S., "Temperature factors in animal production,” in"Tem- 
perature, Its measurement and Control in Science and Industry,” Reinhold, 1941. 

2 Winchester, C. F., Univ. Missouri Agr. Exp. Sta. Res. Bull. 315, 1940. 

* This chapter overlaps discussions in Ch. 7 on hormones and Ch. 11 on the influence 
of temperature on life processes {Figs. 11.19 and 11.20, influence of temperature on 
growth of chickens). 

® Marshall, F. H. A., Phil. Trans., 226B, 423 (1936) ; Proc. Roy. Soc., 122B> 413 (1937) ; 
Biol. Rev., 17, 68 (19*12). 
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only wlu'U the davs bcconio shorter niul roach a cortaio limiting short day; 

« « 

spinac'lv aud wheat bloom only when days bocoiuo lonsor and roach a certain 
limiting long day. Doer, sheep, goats, and in general ruminating ungulates 
tend to come under natural conditions into sex activity when days become 
shorter; ferret, fox, held mouse, wildcat, hedgehog, and in general carnivors 
and insectivors, and practically all birds investigated (juncos, crows, canaries, 
starlings, turkeys, sparrows, doves, ducks, pheasants, quail, grouse) tend to 
come into s?x activity only when days become longer. Horses, having a 
gestation period of about 11 months, breed in the spring (March-, Inly) so as 


to foal the following spring. 

Domestication tends to free animals from the seasonal influence apd to 
shorten the estrus cycles. Thus dogs in the arctic regions have a single 
shirply-dehned breeding period, similar to that of the wolf, jackal, and dingo; 
the domestic dog in temperate climate breeds twice a year and the time of 
breeding is not sharply defined. Likewise the wildcat breeds once a year, 
but the domestic cat breeds several times. The wild rabbit breeds in early 
spring, the domestic rabbit throughout the year. A\ild cattle, like deer, 
breed in the autumn so as to calve in the sprmg ; domestic cattle breed through- 
out the year. Domestic sheep, goats'', horses, and other species, however, 

still tend to cling to a more or less seasonal rhythm^ 

Species evolved in the tropics and subtropics do not respond sexually to 
seasonal light stimuli. Thus the sex activity of guinea pig, guinea fowl , 
subtropic deer', and primates® are apparently independent of season. The 
problem was recently debated® as to whether primitive man, and contempo- 
rary man in the arctic, is seasonal, but with no conclusive decision. Fitt 
published an impressive essay on the seasonal rhythm in man, on the effect 

of spring. 

“A spring rousing which is not merely a mechanical, physical piocess, but 
a highly emotional one as well, associated with the demands of the reproduc- 
tive instinct, characterized by haste, restlessness, and a high measure of in- 
stability. This phase continues through the spring and summer until later, 
with autumn or thereabouts, the consolidating, quieter phase sets in. This 


* Bissonnette, T. H., “Breeding cycle in goats,” Plu/sioL Zool., IL 379 

‘ Cf. Asdell, S. A., J. Agr. Sci., 16. 632 (1926) (pats). Turpr C. W' r/tifre’ 
19. 619 0936) (eoats). Kuppor, M., Union South Africa Dept. Agr., 13th and 14tn re 

ports Director Vet. Ed. and Res. Part II, p. 1211, 192S (cattle, sheep, 

LrsL). Villegas, V., Phillip. Agr., 17, 477 (1918) (horses, cattle, water buffalo, sheep, 

Scott, H. M., and Payne, L. F., Poultry Sci., 16, 90 (1937). 

» Zuckerman, S., "The social life of monkeys and apes, London 1937 Huntimr- 
« Llewelyn, L. T., "Seasonal rhythm in Eskimos, A 868 ( 932). ^u^tinK 

ton, E., “Season of birth: its relation to human abilities Wiley, d 938. Whitaker. 
W L Science 88. 214 (1938); Ashley-Montague, M. F., /a., 89, 290 (1939). JJaroy, 

Hugh*' and Chiids, D., Am. Assn. Adv SciMeeting, Jan 

gens). See also books on climate by Drs. C. A. Mills and W. F. Petersen. 
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rhythm shows man to be still a ci’eature of the sun, dependent upon its course 
through the seasons''**^. 

In brief, under natural conditions and in regions which have sharply defined 
climatic^ seasons, plants and animals pass a seasonal rei)roductivc — and 
l)roducti\'e — rhythm, so adjusted as to be most favorable for the reaiing of the 
young. The physiologic mechanisms whereby tlie sex activities are set into 
motion at different calendar months remain to be worked out and applied 
for increasing the efTiciency (more frequent reproduction) and profit (as, for 
example, by '‘hatching pheasant chicks on Christmas day”^*) of productive 
processes. 

8.2: Historical notes. In 1913 Turnois'- observed that sex activity in some 
plants depends on days of definite duration. About 1920 Garner and Allard*^ 
began publishing data on sex activity' in plants in relation to daylight duration. 
They called this phenomenon pholoperiodism. Since then a large literature 
has developed on the timing and on the mechanisms involvecb^. 

Photoperiodicity in animals was discovered in connection with investiga- 
tions of the mechanism of seasonal bird migration. In 1907 vSharpey-Schafer*^ 
expressed the opinion that the ratio of daylight to darkness determines the 
seasonal migrations of birds “in consequence of the necessity to most birds 
of daylight for procuring food”. It was known that the (spring) northward 
migration of birds is associated with enormous gonadal development. But 
this was attributed to temperature. Rowan^® first (1925) approached this 
problem experimentally, disproved the temperature theory for birds, and 
demonstrated that migration is dependent on light and “hormone elaborated 
by the developing gonads” (1938). Rowan substantiated the photoperiodic 
theory by subjecting juncos (finch) and crows to increasing daylight in 
December. “By the end of December, in spite of minimum reading of 52° 
below zero F, the birds that had been kept on increasing day length were 
singing and their gonads maturing”. Electric lights (devoid of ultra-violet) 
were used in these experiments. The birds were brought into breeding 
condition or quiescence simply by lengthening or shortening the period of 
light exposure. However, the birds did not breed, because of inhibitory 
effects of captivity on the breeding habits of juncos. There is a difference 
between breeding condition and actual breeding^^. 

Fitt, A. B., Rep. 16th Meet. Australasian Assn. Adv. Sci., 16, 704 (1924). 

“ Bissonnette, T. H., and Czech, A. G., Am. Naturalist, 71, 525 (1937). 

Turnois, J., Compt. rend. Acad. Sci., 166, 297 (1912). 

‘3 Garner, W. W., and Allard, H. A., J. Agr. Res., 18, 553 (1920). Allard, H. A., Id., 
(Nov. 15, 1938). Hamner, K. C., Bot. Gazz., 99, 615 (1938). Loewhwright, vV. F., 
Boi. Rev., (Nov., 1938). Murrneek, A. E., Univ. Missouri Agr. Exp. Sta. Res. Bull. 268, 

1937. 

See, for example, Hamner, K. C., and Bonner, J., Bot. Gazz., 100, 388 (1938). Ben- 
nett, J. P., and Shook, F., Plant Phijsiologg, 13, 219 (1938). 

Schafer, E. A., Nature, 77, 159 (1907). 

Rowan, W., Nature, 116, 494 (1925). For a full review of his work, see Rowan, 

Biol. Rev., 13, 374 (1938). 

Rowan, W., Proc. Nat. Acad., 18, 639 (1932). 
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Bissouiictte^® confirmed Bowau’s results on starlings, l^issoimette*'* and 
Baker and Ransoir^ exteiuled tlie results to mammals. 

While the seasonal reproductive periiulicily in animals investigated by 
Rowan and by Bissonnette is photoperiodie (stimulus from visible radiations), 
there are many examples of Iliei‘nu>periudie sex respmisi's (stimulus from 

I 

infrared radiations). Thus the breeding cycle in the white rat may be 
lengthened by lowering the room tcanperature-b Ovulation in bats will 
occur any time after the middle of February (in C'olumbia, Mo.) if they are 
brought into a warm room'"; but this \'aries with dietary and other habit.s 
of the particular bat-l 

Marshall reported that temperature is an important contributing factor 
to reproductive acti\ities in deer: 

“There is a common belief which is well attested tliat in d(‘er geneial rut 
does not occur properly until there has been a sharp frost, that is to say, 
that a frost will awake both stags and hinds to their full sexual activity , . . 
if there is an exceptionally mild autumn, such as occurs only once or twice 
in a half-ccntury, there is very little niating, and very few calves will be 
dropped in the following spring*'--*. 

The annual sex periodicity of the 13-lincd ground squirrel is ap|)arenlly not 
at all influenced by light.-^ The sex rhythm in the male-*^ appears to be the 
same in “field” animals in dark hibernating burrows under natural conditions 
of life and in animals exposed to light rhythms in the laboratory. Moreover, 
ground squirrels, like deer, require a cool spell (+4°C) to enable them to 
breed-^ The pituitaries of these animals showed a seasonal* rhythm in 
gonadotropic activity regardless of light effects. 

It is generally known that plants respond to periodic thermal treatment. Such 
thermoperiodic induction is known by various names, such as “vernalization”. When 
winter wheat is exposed during germination to a temperature a little above freezing, 
it will flower and fruit the same year, though sown in the spring. It is generally knowm 
that certain plants have to be nearly frozen every winter to make them grow the follow- 
ing spring. 

8.3: Mechanisms of seasonal sex periodicity. It is agreed that sex activity 
has its basis in endocrine mechanisms ‘controlled by the anterior pituitary. 
But sex activity is also dependent on many other factors such, for example, 



« Cf. Lee, M. 0., Am. J. Physiol., 78, 246 (1926). 

« Guthrie, M. J., “Reproductive cycles in animals with special reference to the bat , 


Growth, 3 , 261 (1939). 

Baker, J. R., J. Linn. Soc. {Zoology), 40, 123, 143 (1936). 

Marshall, F. H. A.^ 1937. , , i i xt i w n 

“ Cf. Moore, C. R., Simmons, G. F., Wells, L. J., Zalcsky, M., and Nelson, W. O., 

Anat.Rec.,^0, 279 (1934). 

« Wells, L. J., Id., 409 (1936). 

Zalesky and Wells, Physiol. Zool., 13 , 268 (1940). 
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as fond. Tdf-lit liapponed to lie tlu' Umilinci factor in tlie junco, crow, starling, 
ferret, and so on. Rowan-" suggested that increased exercise associated with 
longer da> .s might pos.sil->ly be the “ cause” of greater sex activity. However, 
Bissonnette-^ did not find tliis for the starling, and observed that ferrets re- 
sponded to light even if they could not move, even when they were approach- 


ing death from tubcMculosis. 

It lias been established that the pituitary in photoperiodic animals responds 
with profound histological changes to changes in the day/night ratio’”, and 
that hypopliysectomized ferrets are unaffected l)y light variations.’* How- 
e\-er, the later observation is, perhaiw, without significance because hypo- 
physectoiny abolishes sex activity and subjecting to light does not regenerate 


the pituitary. 

Assuming that light exerts its seasonal elTect by way of the pituitary, several 
investigated the path of transini.ssion of the stimulus. Reports indicate that 
cataract of l)oth eyes” (but not of one”) abolishes estrus for some time, as 
does cutting the optic nerve (in ferrets)’*, and there develops instead an in- 
herent sex cycle by “alternate rise and fall in secretion or liberation of gonado- 
tropic hormones””, independently of light. 

In brief, blind photoperiodic animals tend to have their photoperiodic cycle 
replaced by an “inherent” sex C3’cle independent of the light periodicity. 
This inherent cycle is apparently not as reliable as the photoperiodic cycle”. 
Covering the eyes also tends to disturb the photoperiodic sex effect”. How- 
ever, this is not always the case”. 

Summarizing, the e.ve is normall}'^ the light receptor in photoperiodic ani- 
mals. When the eye is removed, the optic nerve may, perhaps, serve as re- 
ceptor when light is directed into the e.ye socket (Benoit) ; the naked skin may, 
perhaps, be a receptor (Ivanova). The light probably initiates nervous im- 
pulses which travel to the hj'pophysis bj^ waj’’ of the hypothalamus”. Some 
species are freed from the photoperiodic influence by domestication, that is. 


28 Rowan, W.,A’a(M;c, 116, 494 (1925); 122, 11 (1928). P,« 

2’ Bissonnette, T. II., Science, 76, 253 (1937); Biol. Bull., 66, 452 (1933); Quart. Rev. 

H., Biol. Bull., 68. (1935); J. Exp. Zool. (Aug., 1935); Anal. Rec. 

Hi/b ib, and Parkes, A. S., Proc. Roy. 5oc., 116B, 14 (1933). Bissonnette, T. H., 

Endocrinology, 22, 92 (19.38); J . Comp. Psychol., 22, 93 (hl3®)- , /igoc^ 

22 Marshall, F. H. A., and Bowden, h . P., / • > ^3. 383 (193b) . 

2’ Bissonnette, T. H., Proc. Roy. Soc., HOB, 322 (1932) ; Quart. Rev. Biol., 8, 210 (1933) , 

11 371 (1936). 

Bissonnette, T. H., J. HerediUji ^7, 171 (1936). 

Bissonnette, T. H., EndocrinologHj 22 , ^ (1938). 

« Clark W. E., et al., Proc. Roy. Soc., 126B, 449 (1939). * -o j Tr;..^K 

22 Benoit, J., Compl. rend. Acad. Sci., 199, 167 (1934). Ringoen, A. R., and Kirch- 

^^“^'"^cnoif Spf 359 (1935), and many u 

Riley G M., and Witschi, E., Anat. Rec., 70. 50 (1937) (Suppl.). Whitaker. W. L., 

2? GuthrijM® J., GroSk 267 (1939). Haterius H O., Co W Spring Harbor Sympo- 
shim on Qua 7 itilaiive Biology, 6, 280 (1937). Clark, W. E., el al., 1939. 
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by supplying food aiul wannih tluHuigluMit the iiulicating lluit plioto- 
periodicity is dependent on many tillter laelois, hnul and warmth being the 

most obvious. 

8.4: Seasonal food supply rhythms in relation to seasonal sex activity. 
There is a seasonal rliythm not only in the amount hut also in the nature of 
the food supply, herbage, and other feeds and loods. ^lilk is mueh richer in 
vitamin D (Fig. 8.1A)■‘^ vitamin A (Fig. S.lin‘h and in otlter vitamins and 
fatty acids^“ in summer than in winttu'. (Ckunpaie tlie seasonal rhytlnn in 
vitamin D concentration, Fig. S.lA, with that ot the ultraviolet ratliation, 



JAN. FEB. MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. 

Fig. S.la-Seasonal rhythm of vitamin 1) concentration in milk. 

Fig 8 5C ) There are similar seasonal rhythms in vitamin 1), phosphorus, 
and calcium concentration in blood, which are opposite in trend to the seasonal 
incidence in rickets^^ A reproductive aspect of vitamin D or sunlight is illus- 

goS R. G., K.n. S. K„ D.n. W J., ..d Moo„, T., W., B. m (1933). 

Btochem. Z, 27, 1189 (1933); Lundhaecn M. A., *‘A seasonal tide of blood 

« See, for example Hess, A. F Tisdall, F. F., and Brown, D., “Seas- 
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trated by tlic result of Lucas, Hume and Smith", whose marmosets refused to 
take cod li^■er oil and failed to breed. Irradiation with ultraviolet light cor- 
rected the breeding difli<-ult3'. 

Friedman^’ reported the presence of gonad-stimulating substances in imma- 
ture oat plants, sudan grass, corn plants (but not in kidney beans, brown corn, 
sorghum, or soybeans). Injecting 00 mg of one plant preparation produced 
ovulation in the rabbit and ovarian stimulation in the rat. C opper salts, in 
which immature plants are rich, are also gonadotropic■'^ or at least augment 
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the activity of the gonadotropic hormones; 3.5 mg copper (as sulfate or ace- 
tate) produced o\mlation in the rabbit. Young grasses are rich in many other 
factors such as the “grass-juice” factor, vitamin E, vitamin A, vitamin B 
complex (Ch. 6), and limiting amino acids^®. 

« Lucas J H Hume, E. M. M., and Smith, H. H., Proc. Zool. Soc., 1927, 447. 

« Sman M. H., and G. S., /. Physiol m, 486 (1939) ; 128, 492 (1940) B^e- 

man, W. R., “Augmentation of pituitary gonadotropic hormone by chlorophyll, plant 

cycle," J. Nut., 14, 329 (1937). Guilbert, H. R., and Goss, E., Id., 6, 251 (1932). 
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The seasonal thyroid vhytiun (Fijis. S.2A‘' aiul may he related to 

the seasonal rhythms in a^'ailahility ot iodine and related dietary constitu- 
ents. As might he exiieeted Irom the seasonal lood-supply ih\thms, the 
iodine percentage in tlie tliyroiil increases in spring> reaching a maximum in 
sunrmer (July) and declining tlioreafter to a minimum in late winter. The 
size of the gland tends to follow an opimsite cour.se. Iheie is no iluthm in 


r 




il 

1 

sj 



1 

V 

^1 

/ 

0^ 

c 

y 

/ t 
/ ! 
/ 1 
i 1 

- / » 




^ \ 






i \ 
i N 


{]) DRY THYROID • SElDtLL d FENGER 
fO\FRr^ THTROD 


t 


t 




Fig. 8.2r-Seasonal rhythm of iodine content in thyroid. 

V , . rru is an important factor in the reproduc- 

xiine content of blood«. The thyioid is an u p 

ive and productive processes 7)- ffigjgjicy with special reference to 

8.6: Seasonal periodicity ^ pfficiency, of course, increases with 
■gg and milk production. Reproductn e etticiency. 

^ T R-nl Chem 13,517(1913). Kendall, E. C., and Si- 

D ^^i'^ V^’failfand iodine content of the fowl thy- 
“ Cruickfihank, E. M.. and 

■oid ;'Proc. 4 th World’s variation in thyroids and adrenals, 

Si?’ 
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increasinp: roproductivo frcciiioncy (soc 8.3 and 8.4), and the profit in- 
creascJ^ on timing tlic l)r(‘(Mlino: to snit Iho convenicnoc of the farmer. The 
following: examples indicate the i)rtl(‘iitialities of this type of research. 

Feirets wore brought into eslnim during the winter season by the use of 
light^'^. Similar results were obtained on field mice^b Winter breeding was 
inducetF' in the ra(‘cooiu plieasant, quail, and ferret, C'olc^^ obtained eggs 
from mourning do\ es montlis earlier tlian the usual laying season by appro- 
priate light conditions, (irouse'^'* were brought into laying about 1 month 
earlier by continuous ligliting (not changing day-to-night ratios) beginning 
February 10. 



2 < 5 ^ < 

Fig. 8.2b— Seasonal rhythm in thyroid weight. 

Poikilotherms are also photoperiodic ; Hoover^^ induced winter breeding in 
brook trout 3 to 3^ months earlier than the normal spawning season. Scott 
and Payne®® found that iMay-hatched turkeys exposed to electric lights from 

Bissonnette, T. H., Proc. Roy. Soc., HOB, 322 (1032). Ilill, iM., and Parkes, A. S., 
Id., 116B. 14 (1934). 

Baker, J. R., and Ranson, R. M., Id., HOB, 313 (1932) ; 112, 30 (1032) ; 113, 486 (1933). 

52 Bissonnette and Czech, A. G., ‘‘Fertile matings of raccoons in December instead of 
February induced by increasing daily periods of light,” Proc. Roy. Soc., 122B, 246 (1937); 
“Eggs by pheasants and quail induced by lighting, “iSTciencc, 83, 302 (1936). “Hatchin 
pheasant chicks on Christmas day,” Am. Naturalist, 71, 525 (1937). Bissonnette ani 
Bailey, E. H., “Litters from ferrets in January induced by increased exposures to light 
after nightfall,” Am. Naturalist, 70, 454 (1936). Burger, J. W., “Experimental photo- 
periodicity in the male turtle,” Am. Naturalist, 71, 481 (1937). 

5» Cole, L. J., Auk, BO, 284 (1933). 

5^ Clark, L. B., Leonard, S. L., and Bump, G., Science, 86, 339 (1937). 

55 Hoover, E. E., Science, 86, 425 (1937). 

5® Scott, H. M., and Payne, L. F., Poxdlry Sci., 16, 90 (1937); for use of colored lights 
in the study of egg clutching, see Warren, D. C., and Scott, H. M., J. Exp. Zool., 74, 
137 (1936). 
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4:30 a.m. until natural daylight, during December, were brought into egg 
production in January, whereas control birds produced no eggs until early 
March. Only white light or longer wave-lengths stimulated early production ; 
blue light failed to exert this effect. 

There are many reports^' on the use of light in poultry houses for increasing 
egg production in winter. But such winter lighting is not photoperiodic in 
the sense of gradual increase or decrease of light. The lights arc turned on 
at 4 or 5 a.m., merely giving the birds a ‘Tonger working day” during the 



Fig. 8.5a — Monthly temperature rhythms corresponding to the latitudes given in 
Fig. 8.4. 


period when egg prices are high. The following statistical data on the seasonal 

rhythm in egg production are cogent in this connections^ 

Fig. 8.4 shows that near the equator, egg production in the domestic fowl 
is relatively uniform throughout the year ; in the upper latitudes of northern 
hemisphere, maximum production is in April and minimum is October-No- 


Cf. inter alia, Kable, G. W., Fox, F. G., and Lunn, A. G- “Electric lights for in- 
creasing egg production,” Ontario Ag. Coll. Sta. Bull. 231, 1928. ” 

"Artificial illumination to increase winter egg production, J. Min. ^r. Great wnta , 
1930, p. 960; Bausman, R. 0., "Artificial light and egg production, Directors Report, 

Delaware Agr. Exp. Sta. Bull. 205, 1936, p. 10, and many others. 

Of. Whetham, Elizabeth, "Factors modifying egg production with special reference 

to seasonal changes,” J, Agr. Sci., 23, 383 (1933). 
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vembcr; iu the soutlioru hemispluMo, maximum i)roiUK‘(ion is in October- 
November ami minimum in April. 

Corresponding to the dopendeiu'e of egg production t)n latitude, Aim shall 
observation on the sex behavior of sheep and deer may be cited. Aftei being 
transported from the northern to the southern hcmisplieie, slieep and deei 
bred not in the customary calendar month but iu the month corresponding to 

autumn in the new latitude. 
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Ths corresponding curves tor average sunshine and temperature are shown 
in Fig 8 5 which todicates the nature of the parallelism between the course 

of seSo^l sex activity in the fowl and the course of seasonal changes m day- 

hght duratiom oC California, has kindly furnished data 

Dr. V. b. ’ production in the turkey, which we plotted in 

Kg brotan curves in Fig. 8.6 indicate the seasonal sunshine rhythms 

“Marshall, F. H. A.. 1936*. **Effectof8easonongrowthandfecdconaump- 

“ Asmundson, V. S., ana uoyci, . 

tion of turkeys/' Poultry Set., 16, 186 (193t)j. 
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Fig. 8.5c— Monthly rhythm of erytheinal ultraviolet energy in daylight, leverage for 
four years, in Cleveland, Ohio. (The unit of ultraviolet energy is the “E-viton 
equivalent to 10 microwatts of ultraviolet energy after being weighted according to the 
erythemal response to equal amounts of energy of various wave lengths.) Courtesy J. 
P. Ditchman, General Electric Co. (data by Luckiesh, Taylor, and Kerr— Cleveland, 

Ohio). 
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Fig. 8.6d— Monthly rhythm of standard time of sunrise and sunset, north latitudes 
30® to Courtesy J. P. Ditchman^ General Electric Co. 
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as published by the San Frani'iseu WeatluT Ihiroau. ¥\g. 8.(i is also interest- 
ing in that it shows the ileeliiu' in egg produotion with inereasing age. A 
similar chart fin* the fowl is shown in Fig. S.S. Proh'ssor Iv Funk of the 





Fig 8 6— Seasonal rliytlun in egg production of turkeys plotted by us from unpui)- 
lishcd data by Dr. V. S.'Asnuindson', University of ('alifornia. The sunshine curves are 

from the San Francisco Weather Bureau. 
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Pig. 8.7-Seasonal rhythm of egg production in quail. Plotted from unpublished data 
by E. M. Funk of this Station. 

University of Missouri kindly supplied data on egg production in quad, plotted 
'"wf a?e^not familiar with experimental investigations on photoperiodic 
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responses of domestic mammals, although goats®' and sheep offer suitable 
material for such work. 


Just as egg production in Irirds is maximal in spring, so is milk production 
in mammals (Fig. 8.9). It so happens that spring is not only the season of 
birth under primitive or natural conditions, but is also the season in which 


pasture is in its prime as nutrient for milk production, and the temperature is 
most favorable. The high spring milk production is probably the resultant of 



SEASON AND AGE 


Fie. 8.8— Seasonal rhythms of egg production in chickens with increasing age, plotted 
from Brody, Kempster and Funk, Mo. Res. Bull. 278, 1938. The nunaerals in circles 
represent the number of original survivors in successive years. The circles represent 
all the birds under observation at successive years; the X’s represent the same birds which 

produced for full 9 years. 

all these factors, but mostly of feed and temperature. As summer advances, 
the temperature rises (cattle are exceedingly sensitive to high temperatures 
Ch. 11, Fig. 11.17), feed quality declines, insects become more pestiferous and 
perhaps the primitive or “natural” lactation urge tends to terminate. All 
these factors probably contribute to the late summer decline in milk produc- 
tion, but temperature and decline in the nutritional quality of the feed, are 

most important (Fig. 810b). 

*' For the photoperiodicity of goats see Bissonnette, Phystol. ZooL, 14, 379 (1941). 
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As far back as 1009 Kcklcs'’-. I’rinn the Missouri Station, inado it generally 
known that the milk solids (especially butter fat, wliich determines the com- 
mercial value per unit milk) vary inversely with the milk-production level; 
consequently, the solids luncentage in milk (exceiit for vitamins and electro- 
lytes) also shows a seasonal rhythm with a minimum in s|)ring, when milk 
production is maximum, and maximum in winter when milk production is 
minimum (Fig. S.9A to C). 


4 


IBS. % 



Fig. 8,9a-Scasonal rhythms in milk production. The charts are self-explanatory. 
The data comoHed from various sources were tabulated in Lmv. Missouri Agr. Exp. Sta, 
Res. Ms 96 and 105. Several references including Shcrinan’s data for sugar are given 
in the tpv Note that milk yield tends to be maximal in May. \Vhen milk yield rises, 
Kt i‘„ 8 , 9 .'’,‘f.rSr='».Tnd Olho, ..lid. ..nd .o faline rig . .„s 8.9g, Th« 

maximal yearly yield is obtained when calving in autumn (Fig. 8.10b). 


The month of calving exerts considerable influence on the persistency of 
the milk flow It is usually more persistent in dairy cattle calving in the 
autumn, because when the flow would normally decline, about six months after 
calving, it gets a lift from the spring pasture and from the other favorable 

conditions associated with spring. . n 

The month of calving tends to exert a similar influence on the maximum 

annual milk production as on the maximum persistency : calving in late 

autumn tends to yield the highest annual production, as shown m Fig. 8.10b. 


« Eckles, C. H., <• Jahresneitliche Schwankungen de^Prozentischen Fettgehaltes in 
Kuhmilch,” Milckwirtschaftlichea Zenlralbl., 6, 448 (1909). 
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The literature is not, however, fully consistent®^ on this point; it depends, no 
doubt, on the locality in which the data are obtained. 



FAT 

y24 


y2c 


yi6 


5.12 


5.08 


5.0 4 


5.00 


4.96 


4.92 


4.88 


8.6: Seasonal growth and metabolic rhythms. The seasonal rhythm in 
food supply, sunshine, and warmth should influence the rates of growth and 

metabolism, which they do. 

“ References to seasonal rhytluns in milk production: Sherman, II. C., 

Soc., 28, 1719 (1906) ; White, G. C., and Judkins, H. F., Storrs Agr- Exp. Sta BuH. 94, 
1918; Clothier, R. W., Proc. 39th Meet. Soc. Promotion Agri^c. Sci 1919 ; Ragsdale, A. U 
and Turner, C. W., J. Dairy Sci., 22, 1922; Ragsdale A C and Brody, b.. Id 6, 212 

(1922); Ragsdale, A. C., and Turner, C. W., Y 

(1925); Hays, W. P., Id., 9, 219 (1926); Brooks, H. J., Id 14, 483 (^D, Cai^non C. Y., 

Id 16 11 Class) Headley F. B., Nevada Agr. Exp. Sta. Bull. 131, 193o, ueaver, 

Sd KhS C. A.?owfAgr. Exp Sta, Rcs^Bull 107, 1928; BartleU S J. Ag. Sa 

19, 36 (1929) ; Campbell, K. W. D., Id., 21, 167 (1931) ; Bartlett, S Golding J., and « a| 

Qtnff Anr Prnoress 9 95 ( 1932 ); Turner, C. W., Umv. Missouri Agr. E.\p. Sta. Bull. 2D0, 

lo; 117 (i927).; and 111. Agr Exp Sta. Bull 288 

1927' Hammond J., and Sanders, H. G., J. Ajr. Sci., 13, Part 1, 1923, Sanders, . ., 

Agr'. Sci., 13, Part II, 1923; 17, 339, 502 (1927) ; 18, 46, 209 (1928), and many others. 
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We shall not attempt to review the literature on seasonal growth rhythms 
(Palmer®^ and McKay®* discuss the literature) but list®^ illustrative references 
and quote one chart on seasonal growth of children by Palmer, Fig. 8.11. 



Fig. 8.9c— See legend 8.9a. 


There is as usual, considerable disagreement in detaU ; but the facts appear 
to be that’weight growth in children tends to be most rapid (about 1 pound 

.iivT 11- TT « TJ weiehine of 1300 pupils of the Royal Institution for 

Malling-IIansen, R., ■ y K international des Sciences m^dicales. 

Copenhagen, 18M, and Arch. ^ p j 'g g fjeallh Reports, 

kmderheilk. u phy^-^rziehung iancet, !!, No. 5581, 365 (mO). 

Berkson, J I^uman f ^ ^ ( 193 °)^ g^; ,325 (,927)’. Nylin, G., A^ta 

Medtea Scandinavtca, jsuppl) p. . Brugsch, T., Arch, mikroskopische Anat., 94 , 

»oT4v frcPmSieilL, k 1 L.„.h,, A„ CemM. 

path, palhol. anat., 36, 481 (1925). 


t- 
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Fig. 8.10a— From a 1943 educational leaflet of the U 
rhythm in milk production. 


S. D. Agriculture on the seasonal 
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per month) during autumn (Soptemhc'r tu November in northern latitudes^ 
and April to June in soutliern latitiuUs) ; and least rapid (about \ pound per 
month) in the spring, (See Fig. 11.10 for an apiiarontly seasonal growth 
rhythm in chickens, which is, howt*\ er, a tempeiature efTect.) There is also 
literature on annual energy-metabolism rhythms®^ 

There are difficulties in interpreting seasonal metabolic data because factors 
other than season as sucli (f.e., length of day, angle of the sun’s rays, tem- 
perature, and related cosmic*^'*' influences) confuse the picture. Gestation 



Tig. S.ll—Seasoiml rhythm of growth of children, from C. 
Health Reports, 48, 211, 1933. Reprint 1561. 


E. Palmer, U. S. Public 


and lactation, tor ejcamplo. an rvell aa diflercncco in te«t supply and tempera- 
ture are contusing tactors in interpreting our seasonal goat data. 

» C/. i,t„ atif. Smdin 

tons i«.pirato|rc8 chei lo eben C Pt j Fhy,M., l(l«.«54 

(1934). Riddle, ?„ine percentage metabolism change per degree tempera- 

perature factors which determine P . ■ jf j et Kayser, C., ” Le rhythme saisonnier 
ture change,” W., 101 . 88 0932 ) Dontche^ . j,hysicochim. Wpl., 10,285 (1934). 


, J£^), i/inauara, j., - 

V. • « S ..DieEinwirkungkosmischcrEinflusseaufphysioIogischeVer- 

”C/. Arrhenius, o., iJie & riAQS! 

h&ltnisse,” Skand. Arch.f. PhystoLr 8, 367 (1898j. 




Si" 



; * t:-. 



22(5 


lUOENEROKTICS AND GROWTH 


Witli these difficulties in iniiul, lei ns discuss briefly the interrelations be- 
tween the metabolic (energy metabolism) and breeding rhythms. As regards 
energy-metabolism rhvthms m humans, Ciustafson and Benedict found no 
significant rhythm in body temperature, “but the average values for the oxy- 
gen consumption strongly suggest that the metabolism tends to be at a low 
level in the winter and to rise to a higher level during the spring and summer.” 
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Fig. 8.12a-Seasonal rhythm in resting metabolism (RAI.) and of conception m goats 

(lower left), metabolism and birth m goats (lower right), ''Xfism in 

in goats (upper left) and resting metabolism (R.M.) in goats and basal metabolism 

man (upper right). 

We have investigated''^ the seasonal energy -metabolism and growth rhythnM 
in goats and compared them with the seasonal breeding®' rhythms. The 
results are shown in Fig. 8. 12a. We also present in this chart the basal-energy 

‘^Gustafson, F. L., and Benedict, F. G., “The seasonal variation in basal metab- 
olism,” Ajn. J. Physiol, 86, 43 (1928). 

“a: lurner, C. W., J. D.ir, «. » 

(1936) . 
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metabolism data of luunaiis kindly placed at our disposal by Professor Fre<I 
R. Griffith/'^ Ujiivorsity o( nulTakt. All the data were plotted in terms of 
percentages as follows. 

The lo\Ycst avcrapio monthly motaholism was takori as base line. This base value was 
deducted from cacli monthly motabolism (average) and the difTerences were plotted 
against the corresponding mouths ns percentages of the average monthly metabolism 



Pig. 8.12b— Seasonal growtl» and metabolism rhythm of a castrated sheep. 


increment. Similarly, the monthly weight gains were plotted as percentages of the 
yearly average of the monthly weight gains and the monthly breeding frequencies. In 
this way the metabolism, growth, and sex activity rhythms become comparable. 


~^Cf. inter alia, Griffith, F. r 7 Jr., and his associates: "I. Metabolism and ^oral 

Do •. •w . I J 1 ■' ffi RQ. 440 nQ9a\' TV* 


6i 169 (1934). 
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Fig. 8.12a shows tluit tlic metabolic peak in goats (as in sheep) occurs in 
early spring. The weight gains in growing goats are also maximum in early 
spring. The lireeding peak, on the other hand, occurs in the autumn. The 
tentative conclusion, therefore, is that there is an inverse relationship between 

high breeding level and high energy-metabolism level. 

We i)h)tted Griffith’s human data on the upper right corner of Fig. 8.12a as 
we did our goat data, in terms of percentages of average annual metabolism 
increment above the base level. The time cur\ e of metabolism of humans is 
similar to that of the goat in spite of the fact that humans do not ha^e an 
annual sex rhythm in temperate zones. Fig. 8.12b represents the seasonal 

rhythms in a castrated sheep, with a spring maximum. 



1937 


Fig. 8.13a— Seasonal metabolic and reproductive rhythms in the domestic fowl, also 
sun rhythm in Columbia, Mo. 


We have also investigated the seasonal rhythm of basal heat production in 
domestic fowl” (Fig. 8.13a) which indicates a parallelism between basal metabo- 
lism and egg production. This does not mean that a high reproduction rate 
as such is associated with a high metabolism rate. The high basal metab- 
olism during high egg production in the fowl may reflect the massive energy 
transformations associated with egg production rather than with primaiy 
reproductive activity. As shown in Fig. 8.12a, the peak metabolism m goats 
(R M = “resting” metabolism, 12 hours after feeding, which is not post- 
absorptive in this species) coincides not with maximum breeding activity, as 
in the fowl, but with minimum breeding activity. The seasonal rhythm m 

Winchester, C. F., Univ. Missouri Agr. Exp. Sta. Res. Bull. 315, 1940. 
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heat production is thus a problem in multiple causation rathei than of simple 
cause and elTect. 

Many other rhythms misht ho eitod. such as tlie seasonal rliythin of leceiitivity of the 
capon’s comb to androgens rep u te.l by Oavirl'^ and by baqiiem". Duszynska’^ re- 
ported that the response of castrate.l mice to estrone is three limes as great in May 
as in November. It is evident tliat season inlluenees tlie sensitivity of the receiitivc as 

well as of the “causative” organs. 

One could discuss other seasonal rhytlims, such as those of blood y^lamo (Ch. 1, 
Bazett), hemoglobin concentration, calcium, phosiihorus, blood fat, and blood cuagula- 
tion (most rapid in the summer). In connection with Fitt ’s theory o si>rn.g mstab. .^ 

mentioned in the beginning of tills cluipter. and Razett s 

it is interesting to note that the suicide peak is maxmuim in spring (I- ig. 8.1-1). 
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Fig. 8.131^Seasonal changes in ^hc P?rcenWg^ o C Heemstra and O. N. 

shortliorn bullB. Courtesy ' 

Eaton, Am, J, Vei. Res.y 4, 115, 1943. 

one rould d>.cu.s .he .e^l 

marmot^ (ground-hog) so famous for i promptly retires to its hiberna- 

2 It is supposed to wake “P- ^ .vgather within six weeks). During the summer its 

tion because of forthcoming -poniration rate are of the same order as of non- 

body temperature, pulse rate, and re p however, when the environmental 

hibernating mammals of the same size. In autumn, ’ 

’‘David, K., Ada brevia Neerlandica, 8, 133 (1938). 

’•Laqueur, cited by DuBzynska. ,tqoQ) 

’‘Duszynska, J., Nature, ..iTj^ ^nation and marmot physiology,” Carnegie 

’‘Benedict, F. G.. and Lc^ R. C., Wi r Johnson, G. E., “Hibernation m 

liatitution of Washington, Pubheat on ^ ^ Naturalist, 1, M9 

nuunmals/* Quart. Rev. > ^Tho hvDoohysis in the woodchuck with special 

(1916); Endocrinology j 6, 33 K “Korpertemperatur und Aktivitat beim Igel," 

reference to hibernation''). Herter, iv., 

Z. vergL Physiol., 20, 611 (1934). 
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fcmperatuie dro]>s to 50 OD^F (1(>-15°C), and, incidentally, the food supply decreases, it 
goes into hibernation; its body temperature falls from the normal 37° to 30°C, to 15^C, 
and finally to 0°C, or cvcmi 3°(’ (37° to 43°F). The pulse drops from the normal of 2(X) 
per minute to perhaps 4 to 5 per minute. Unlike cold-blooded animals, however, when 
the environmental temperature drops below 42°F (C°C), it wakes up, thus preventing it 
from freezing to death. These animals are thermo- rather than photoperiodic. 

8.7: Summary. Many species are photoperiodic, Doinesticatioa under 
special conditions of food supply tends to disturb this photoperiodism. This 
modification of the breeding pattern may be due to an interrelation between 
the feed supply anil sunliglit, perhaps similar to the interrelation between 
sunlight and dietary vitamin D, calcium and phosphorus salts. 



Fig. 8.14— Seasonal suicide rhythm 
in the United States (plotted from 
U. S. Bureau of Census, Vital Statis- 
tics Special Reports, Vol. 3, No. 11, 
p. 67, April, 1937, and Vol. 5, No. 20, 
p. 55, March 1938. Not indicated by 
sex). 


On the other hand, many domestic species are decidedly seasonal in their 
breeding pattern, perhaps dependent on the seasonal light pattern. 

The seasonal metabolic rhythms parallel the reproductive rhythm in the 
fowl (spring peak, Fig. 8.13a), but not in the goat (conception peak in autumn, 
metabolic peak in spring, Fig. 8.12a). The metabohe rhytlun parallels the 
growth rhythm in the goat (spring peak, Fig. 8.12a), but not in man (meta- 
bolic peak in spring, Fig. 8.12a, growth peak in autumn, Fig. 8.11). 

The breeding season is timed so that the young will be born during the most 
favorable time ; hence the breeding time is related to the length of the gestation 
period, to the environmental temperature, and to food supply, all of which 
are in turn related to sunlight. Hence the tremendous species differences in 
sensitivity to day length : some species are stimulated to sex activity by short- 
ening days, others by lengthening days. Still others are apparently unaffected 
by day length. 
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The anterior pituitary is thought to be iiu'olvcd in photopcriodic gonadal 
actmty. It is assumed that liglit falling on the eye stimulates (by nervous 
channels) the pituitary to produce gonadotropic hormone. Ihyroid activity, 
which is sensitive to changes in temperature and light irradiation, may be an 

influencing factor. 

While sudden changes in day length may induce sex activity, they may not 
result in increased fertilitj^ because of premature and abnormal matin ation 
of the sex cells, and because of high mortality, hor normal bleeding out of 
season, graduated changes in day length simulating the natural seasonal 
changes in day length may be required. There is an obvious need to investi- 
gate these phenomena as they relate to farm animals and thus to learn to 

control their timing. 
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Chapter 9 

Metabolic Catalysts in the Efficiency Complex: 

Diurnal Rhythms 


Science started with the organization of ordinary experience. A. N. 

Whitehead 

9 . 1 : Introduction. We became intcrostocl in the problem of diurnal rhythm 
when we obtained some unexpected results in a study* of the heat increment 
of feeding (SI) A, Ch. 4) of the rat. The anomalous result could be explained 
only by assuming the presence of a diurnal metabolic rhythm in which the 
difference between crest and trough exceeded the SDA effect of the feed 
(Fig. 9.1). This led to the performance of a series of experiments, and the 
discovery of a profound (25-30 per cent difference) diurnal metabolic rhythm 
in the rat which is not extinguished by a month of continuous light alone, 
by a month of continuous feeding alo7ie (^ of the day’s maintenance ration 
at 3-hour intervals), nor by a combination of continuous light and fast. It 
is extinguished, however, by a week of continuous light and continuous feed- 
ing. The object of this chapter is to summarize some of these results and 
integrate them with the literature on diurnal rhythms in general as a logical 
sequence to the preceding chapter on seasonal rhythms in general, with 
special reference to the efficiency complex. 

There is an evident analogy between diurnal and seasonal rhythms, both 
being ultimately activated by the sun rhythm ; and metabolic effects — how- 
ever different in nature — are exerted not only on photosynthetic plants but 
also on animals endow'ed with visual or related extroceptive apparatus. The 
timing of the rhythmic activity in animals, w'hether they are diurnal or 
nocturnal, depends on the nature of their visual apparatus, whether they see 
best in bright light (day) or in dim light (night). The diurnal light rhythm, 
through the intermediacy of the amplifying visual apparatus, exerts a pro- 
found effect on all life processes. Sleep is a conspicuous illustration; so are 
there rhythms in body temperature and nervous irritability which are inter- 
related with muscular activity, wnth energy metabolism, with food intake, 
and so on. It seems instructive to review the literature in some detail so as 
to get a view of the situation as a whole. 

‘Herring, V., and Brody, S., “Diurnal metabolic and activity rhythms,” TJniv. 
Missouri Agr. Exp. Sta. Res. Bull., 274, 1938. 
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9.2: The literature. When travelling, th(' hod)j l('mp(ratiu-c rhythm follows 
the light rhythm-. In man, the average minimum daily temperature, 3G.5° C, 
is in the early morning (2 to 5 a.m.) and the maximum, 37.5° C, in the after- 
noon (2 to 5 p.m.). In the pigeon^ the midnight temperature, 41.5° C, is 

below the noon temperature, 42.2° t'. 

The most dramatic feature of the rliurnal rhythm i.s sleep. Kleitman^ 

gave a good description of its natural hi.story in man (1929). 

“Darkness makes for poor vision and discourages movements. This leads to in- 
activity and relaxation, and sleep follows. Repeating the performance a great many 



Fig. !t.l. Apparent dif- 
ference in heat increment 
of feeding in ruts follow- 
ing morning and after- 
noon feeding. 


. XI. ’ * of a conditioned reflex of a temporal character, re- 
times results m the establishment oi a of diurnal sleeD 

X X • This is the theoretical history ol aiurnai sieep. 

'Gibaon, R. B., "Body 

Osborne, W. A., */. > 3®’ P* yge- c “Le rythme nycth^rm 6 ral chez le 

*Burckard E., DontchetT, U, o ^qq ’( 1933 ). For other body temperature 

pigeon,” Ann. physiol. phystco^in^J^ -t * **Body temperature variations of noc- 
rhythms see Simpson. S., and ' physiol., 33, 225 (1905); Wetmore, A., ”A 

tumal and other birds, and mammals,^^ Smilh^ntan Misc. Coll., 72, 1 (1921). 

wakefulness,” 

Univ. Chicago Press, 1939. 
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versally accepted mode of sleeping. The first habit that a mother tries to develop in a 
baby is that of an unbroken night’s sleep. As he gets older other functions develop a 
periodicity that coincides with the enforced sleep periodicity. For instance, a tempera- 
ture curve develops with a minimum at night, and produces a disinclination to night 
activity. Even the modest tear apparatus stops its function at bedtime procuring dry 
eyes, favoring their closure.” 


Nervous irritability follows a similar rhythm. The reaction of normal man 
to light and sounds is lowest in the morning, when body temperature is 
lowest, and increases with increasing body temperature in the afternoon, then 
returns to the morning minimtim. When the body b^mperature is at a 
minimum, irritat)ility is likewise at a minimum, and it is then most difficult 
to keep awake. Skills of coorclination are at a minimum during these early 
hours^ 

The influence of nervous irritability on metabolism and body temperature 
may be inferred from the facts that about half of the peripheral nerves supply 
the skeletal muscles and about half of the body mass is muscle. The increase 
of the contractions of skeletal muscle is proportional to the increase in nervous 
irritability*^. 

The literature on the developineut of activiiy rhythms is somewhat conflicting. 
Thus Richter^ reported that the rhythms gradually develop {first appear in 
rats about 12 days after birth), presumably because of social conditioning. 
Barott®, on the other hand, reported that the metabolic rhythms “decrease 
rapidly with age” in young chicks. “At the average age of 1 week ... an 
average maximum difference of about 24 per cent was observed between the 
oxygen consumption at 8 a.m. and 8 p.m. values.” (The peak occurred at 
8 a.m. and the trough at 8 p.m.) 

Richter^ reported that the diurnal rhythmic activity of the fasting rat 
persisted even in the absence of light cycles. On fasting, during the early 
period of fast, the total activity was greater than during five previous feeding 
days. We found the same to be true. 

The feeding rhythms naturally follow the activity rhythms, being usually 
confined to times when vision functions best, which is night for rats and other 
nocturnal animals and day for fowl and other diurnal animals. There are 
corresponding nutrition-function rhythms. Thus glycogen storage in rab- 
bits, rats, and mice is maximal and bile formation is minimal during the 
night®. In nocturnal animals, the assimilatory phase when the glycogen 

liKleitman, N., Titelbauni, S., and Feivoson, P., “Diurnal variation in reaction 
time.” Am. J. Physiol., 113, 82 (1935). Freeman, G. L., and Hovland, C. I.. “Diurnal 
variations in performance,” Psychol. Bull., 31, 777 (1934). Jorcs, A., “Die 24 Stunden- 
Periodik in der Biologie,” Tabulae Biologicae, 14. 77 (1937). 

« Jacobson, E., “Variations in muscular tonus,” Am. J. Phy^oL, 113, 71 (1935). 

^ Richter, C. P., Comp. Psychol. Monographs, 1, 55 (1922); Quart. Rev. Btol., 2, 307 

H. G., Fritz, J. C., Priugle, E. M., and Titus, H. W., J . Nul 16, 145 (1938). 

» Agren, C., Wilander, 0., and Jorpes, E., “Cyclic changes in the glycogen content 

of the liver and muscles of rats and mice,” Biochem. J., 777 (1931). E., 

Skand. Arch. Physiol, 63, 137 (1928); 66, 144 (1929). Ada. Med. Scand., 73, 213 (1930). 
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is deposited occurs during the night when the animals naturally feed‘°. The 
glycogen deposition at this time tends to bo counteracted, however, by physi- 
cal activity; this occasionall>- results in a bimodal cur\e of glycogen storage. 

In diurnal animals the blood-sugar and adi’enaline peaks occur during the 
day (and the caleium peak at night), opposite to the liver glycogen peak". 
Incidentally, in diabetics the blood-sugar le^•el falls during the e\'cning, often 
below the fasting leveb-. Laetating cattle tend to exhibit blood-sugar 
rhy thms ^ The trend is likely to be confused because of the sensitiveness 
of the blood-sugar level to psychic disturbances involved in securing the 
blood. (In laetating cows the blood -sugar lc^■el reached a high of 70 mg 
sugar per 100 cc blood at noon and a low of 5b mg at 9.30 a.m. Ihcie was 

no such trend in noTi -laetating cows or sheep.) 

Diurnal rhythmicity was also reported for blood ^•olumel•^ non-protein 
nitrogen'^, serum calcium*®, red corpuscles and hemoglobin*’, \\atei and 

minerals*®. 

There is an apparent diurnal rhythm in the composition of milk*® (Fig. 
9.5). The diurnal difference in fat percentage is attributed to differences 
in time-interval between day and night milkings. Morning milk is lichei 
in bacteria than evening milk, and e^'ening milk is richer in chlorme and 

catalase than morning milk®**. 

Domestic fowl lay eggs only during the day (7 a.m. to 5 p.m.)®*. 

The “alkaline tide”®® (urinary-acidity rhythm) is obviously associated 
with the diurnal feeding rhythm. The sensitiveness of urinary reaction to 
diet is indicated by the fact that ingestion of 5 g sodium biocarbonate results 
in an immediate rise in alkalinity of the urine. The urinary-volume rhythm 
tends to parallel the body-temperature rhythm®®. The blood pH in humans 

rises from morning to late at night-^ 

*» Higgins, G. M., Berkson, J., and Flock, E., Am. J. Physiol, 102 , 673 (1932); 106, 
’"■'S?,: u. S., Holn,<,ui.t, A., Arch.. 2S4, 210 (1934), H.lmqui.t, .-I., Z. 

S»»:i. IW (1935). Mollor.lrom, J., Acta 

Wed. Scand. sippL, 60, 250 ( 1932 ); 69 . 14o (1934). 

*’ Bartlett, S.,J. Agr. Set., 19, 38 (1929)- 
Wisconsin Bull., 439 (Ann. Kept.), P- . (1936). 

Warren, D. C., and Scott, H. l^Ei >7. * V- ..^ ’inary tides.” Biochem. J., 16, 507 

dS'' m (K 'coh„, i,, .nj D.dd., e, c,. 

Physiol., 69p 259 (1924). _ no 94 ^ ft4 S93 fl929). 
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Tile stoinacli-activity rhythms are presumably associated with feeding 
lialiits. Tliero is an oxtensivo literature on this problem-^ 

Manv miscellaneous diurnal rhvthms have been observed, such as the mito- 

» » ' 

tic rhydun in Iminaii tissue'-*'’, spermatogenic rhythm in the sparrow*^, enamel 
deposit rhythm in the rat'-^, retinal rhythm in catfish-®, braiu-potential 
rhythms^'\ c(*ll-(livision rhythm in the thyrokP\ and so on. 

According to Szymanski^'-, in addition to diuimal rhythmicity, some species 
arc pftlypha.sic, exhibiting several periods of acti\ity and rest during the day; 
others are monophasic, exhibiting one prolonged period of activity followed 
by one of rest during each day. Rabbits are polyphasic, having 16 to 21 
periods of activity alternating with rest ; albino rats have 10 periods of ac- 
tivity concentrated, as in other nocturnal animals, at night; canaries are 
monophasic, active during day and quiet during night; young dogs exhibit 
8-13 periods of activity at night; cats exhibit f of their activity during the 
day, and \ during the earlier part of night; human infants arc polyphasic, 
human adults monophasic, with the aged rcsemljling infants in being poly- 
phasic. There are obvious difficulties in differentiating between such in- 
herent phasic rhythms and merely spurious movements. 

We are mostly interested in the energy-metabolism I’hythms, which reflect 
all the others. 

Lusk^^*' quotes the following table from Johansson on the diurnal rhythm 
of CO 2 production in man ; 



Night COj 

Day COj 

Author 

Complete muscular rest 

100 

105 

Johansson 

Ordinary rest in bed 

100 

110 


Ordinary life (no hard work) 

100 

142 

Tigerstedt 

ii a li a a 

100 

128 

Pettenkofer and Voit 

a a a u 

100 

147 

Tigerstedt 


Benedict and Riddle^^ reported that muscular activity of pigeons in dark 
chambers is less during night than during day. After excluding the periods 
showing muscular activity, day metabolism w^as about 15 per cent above 
night metabolism. 

See, among many others, Elliott and Bousfield, Psychol. Rev.^ 43, 94 (1936). I^lle- 
brandt, F. A., et at., Am. J. Dig. Dis. and Nut., 3, 477 (1936); Kleitman, N., et aL, Proc. 
Am. J. PhrjsioL, 116 (1936); Richter, Quart. Rev, BioL, 2. 307 (1927); Boldyreff, W., 
Quart. J. Exp. Physiol., 10, 175 (1916-17). 

« Charlcton, A., /. Anal,, 68, 251 (1938); J. Am. Med. Assn., 12, 436 (1939), 

Riley, G. M., Anal. Rec., 64, Supp, 41 (1936); Anat. Rec., 67, 327 (1937). 

2 * Steadman, S. 11., Anat. Rec., 63, 325 (1935). 

22 Welsh, J. H., and Osborn, C. M., J. Comp. Neurology, 1937. 

Davis, H., Davis, P. A., Loomis, A. L., Harvey, E. H., and Hobart, C., Human 
Brain potentials during the onset of sleep,” J. Neurophysiology, 1 (^^38). See several 
papers in Cold Spring Harbor Symposia on Quantitative Biology, 4 (1936). 

2 * Cooper, Z., and SchifT, A., Proc. Soc. Exp. Biol. Med., 39, 323 (1930). 

®2 Szymanski, J. S., PflugePs Arch. ges. Physiol., 6, 136 (1895). 

32“ Lusk, G., ‘‘Science of Nutrition,” Saunders, 1928. , x- • 

« Benedict, F. G., and Riddle, 0., “The measurement of the heat production in 

pigeons,” /. Nut., 1, 476 (1929). 
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The pigeon was reported to have a 15 jiei' eeni diurnal Inisal metabolism 
and a 1° C rcctal-tempeiature rhytlmv". 'I’he fowl was reported to have a 
30 per cent basal metabolism aiul a 1° (’ reetal-temix'iature rbytbm^^ The 
following (slightly rounded) rlata on reetal temperatures in fowl from Hey- 
wang^® are illustrative of the eourse ot the rhythm. 


Time 

8 

a.n). 

10 

a m. 

12 

noon 

2 

p.m. 

4 

p.m. 

0 

. p.m. 

s 

p.m. 

10 

1 p 

1 

; li 
ni?ht 

) 

am. 

-1 

am. 

6 

a.m. 

8 

a.m. 

Rectal temp, 

(OF) 

106.8 

106.5 

106.4 

106.4 

106.8 

106.8 

105-9 

105.5 

105.4' 

1 

105.6 

105.9 

106.3 

106.5 

Environ- 
mental 
temp. (®F) 

53 

68 

74 

79 

76 

64 

56 

50 

1 

1 

48 

40 

44 

42 

54 


Note that the environmental temperature happened to be changing at the 
same time, and Heywang suggested that there might ha\e been a causal oi 
dependent relation between rectal and environmental temperature. Of 
course, all aspects are interrelated, but it appears fiom othei data that, in 
the main, the rectal-temperature rhythm would not ha\e deci eased appre- 
ciably if the en\'ironmental temperature had been kept constant at the 

mean value of about C0° F. 

Kayser” demonstrated that the diurnal metabolic rhythm m the pigeon is 
due to the diurnal variation in tonicity of posture, especially of the pectoral 
muscles, which in turn is caused reflexly by the excitation produced by the 
diurnal light rhythm upon the nerves controlling muscle-tone. 

Several reports are available on the inversion of body temperature obtained 
in animals by changing the light rhythm. This was accomplished on 
monkeys®^ and birds’® in about 15 days. The results in inversmn of body 
temperature and metabolism on man, however, are connicting”, because it is 
difficult to isolate him psychically and intellectually from the social rhythm 
of the environment even though he is isolated from the light rhythm. 

The persistence of the diurnal rhythm m spite of piolongcd lest and fast 
stimulated speculations on cosmic influences other than the sun, including 
cosmic rays and ionized air«. Deighton- observed a diurnal rhythm in 

**Kay8er, C,, ,,, . rvthmc nvcth^rmdral tie metabolisme chez Ic 

« Bacq, Z. M., "Sur Uimm. Tcrroinc, E. F., “De r6xi8tencc 

coq,» Ann. physiol /d..6, m (1929). Dcigh- 

ton, 'I., and Hutchinson, J C. P., ’ 

*• Heywang, B. W., PouUry Sci., > oPonditions influencing the diurnal wave in the 
»» Galbraith J. J-, and sL, XX (1903). 

“‘’Sraith SdXplon. W. 30, XIX (1903). Hilden, A., and Stenback, K. S., 

Stand. ArcA. Pfti/sioJ., 34, 382 (IJIG)' 145 (1904). Toulouse, E. F., and Pieron, H., 

^ “Benedict, F. G., ^Iker H., P/l^ffer’s Arch. ges. Physiol., 216, 43 

/. Physiol, path, gen., 9. 245 (1907). VoiKer i ^ s' ^ 325 ) 

. (1926), . Ges'sler, 


« Vdlker, H.JPfiuoer's Arch. ges. t hysm ^ 
« Deighton, Ph^tol- Rev., 13, 427 {U6d). 


238 


BIOKXKRGKTICS. . 1 .\ 7 ) GROWTH 


inclaltolisin of swino scrooiiod from cliaiigcs in electrical conductivity. As 
])reviou.dy noted, the itivroid, tlie prime metabolic regulator, has a diurnal 
growth (cell-division) rlivthm. 

9.3: Diurnal metabolic rhythm in the rat, its control and effect on the 
apparent SDA. 'J'he laait luoduction jrer hour is the sum of: (1) the basal 
energ\- metabolism; (2) the energy expense of muscular activity and muscle 
tonus; and (3) the SDA (C'h. 4). As the rat is nocturnal, his muscular 
activity, nervous irritability, muscle tonus, feeding, and l)ody temperature 
tend to be high during the night when his vision is i)est and low during the 
day when his \ ision is poorest. We may then expect high metabolic rates 



Fig. 9.2. The continuous line represents the avearge of the data for the 6 rats in 
Fig. 9.1. The area between the broken curves includes § of the data. 

during the night and low metabolic rates during the day, just as Kayser found 
the opposite conditions in the pigeon. Our problems were: (1) to evaluate 
under our laboratory conditions the magnitude of the “normal” diurnal 
rhythm; (2) to investigate the conditions which may abolish the rhythm and 
thus obtain an insight into the mechanisms involved. 

The magnitude of the diurnal metabolic rhythm under “normal” condi- 
tions is shown in Figs. 9.1 to 9.3 ; there is 25 to 30 per cent difference between 
the peak and crest in the curve. 

The investigation on abolishing the rhythm brought to light several facts : 

(1) The muscular activity and metabolic rhythms are parallel. (2) Continu- 
ous lighting alone for a month did not abolish the diurnal rhythm. (3) 
Continuous feeding alone (feeding of the day’s maintenance ration every 3 
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hours) for a month did not abolish the rhythm. (4) A week of fast under 
continuous lif^htiuf^; did not abolish the rliythm. (o) But a combination of 
continuous lighting and continuous feeding (J of the daily ration every 3 
hours) extinguished both the activity and the metabolic rhythms. 

The metabolic result of fast under continuous lighting is shown in the top 
curve of Fig. 9.3. The first midnight peak is above the other peaks because 
it includes the heat increment of feeding (SDA) of the prefasting meal (6.4 
g feed eaten at 3 p.m.) ; it includes, in other words, (1 ) the normal 25 per cent 



NOON P.M. A.M. NOON 

TIME 

diurnal metabolic difiference and (2) 
is shown by the following data: 


Fig. 9.4. Diuruul activity in the rat meas- 
ureil by the revolution an an exercise drum. 


/ 

25 per cent feed intake effect. This 


24-hour 
period 
of fast 

Cal/day 

Metabolism 

Maximum 

time 

Minimum 

Cal/day time 

Difference 

(%) 

1 

37.4 

midnight 

24.4 

3 p.m. 

53.3 

O 

2 

30.7 

9 p.m. 

23.2 

3 p.m . 

52.3 

3 

30.2 

midnight 

24.1 

3 p.m. 

25.3 

4 

30.2 

3 a.m. 

24.0 

noon 

25 • O 


In one trial, one group of rats was fed a 10-gram meal at 4 a.m. which was 
followed not by a rise but a decline in metabolism until noon (8 hours); 
another group of rats was fed a 10-gram meal at 4 p.m. which was followed 
by a steady increase in metabolism, reaching a 40 per cent peak increment 
in 5 to 7 hours ; it then declined to a minimum in 16 hours. It is thus evident 
that there is an algebraic summation of the effects of feed-intake and diurnal 
rhythm. If the animal feeds during the ascending slope (after 3 p.m.) of 
the diurnal rhythm, there is a reinforcement of effect with a resulting abnor- 
mally high metabolic peak; if it feeds during the descending slope of 
the rhythm (after 3 to 5 a.m.), the SDA is apparently below normal. 
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The metabolic results on continuous feeding (feeding 1.5 g food every 3 
hours day and nigld) are shown in tlie middle and bottom cur\'es in Fig. 9.3. 
Many metabolic, muscuhu-activity, and respiratoiy-quotient curves of 
individual animals and of their a\'erages confirm^- those in Figs. 9.3 and 9.4. 


“WelslP^ argued that most diurunl rhythms are Mnheront’, since prolonged periods 
of either continuous darkness or light do not always abolisli the rhythms. The diurnal 
activity rhythm in the rat’h among others, was cited as an illustration of ‘inherent’ 
rhythm. However, we liavc clearly demonstrated that the tliurnal activity and metab- 
olism rhythm in the rat can be quickly alwlishcd under continuous light, provided that 
this is combined with continuous feeding; and that the rhythm in the young is developed 
by “social conditioning”. The interesting observation is cited^^ that certain phases 
in the estrous cycle occur at certain definite times in the diurnal rhythm (maximum 
estrus in the rat occurs at midnight).” 



Fig. 9.5. Apparent diurnal rhythm in fat percentage in morning (a.m.) and evening 
(p.m.) milk during the lactation period. 


9.4: Summary. There is an impressive analogy between diurnal rhythms 
discussed in this chapter and seasonal rhythms discussed in the preceding 
chapter, both being ultimately actuated by the sun-earth rhythm , metabolic 
effects, however different in nature, are exerted not only on plants endowed 
with chlorophyll but also on animals endowed with eyes. The timing of the 
rhythmic activity in animals depends on the nature of their visual apparatus, 
whether they are adopted for relatively dim night light or bright daylight. 

The diurnal difference between the metabolic peak and trough is shown 


« Detailed curves of the rhythms of muscular activity, respiratory quotients metab- 
olism and also descriptions o_f apparatus are given in the original report, Univ. Missouri 

We^h^J^ jF^^ 'Diurnal” rhythms,” Quart. Rev. Biol., 13, 123 (1938). Browraan, 
L G “I iffht in its relation to activity and estroim rhythms in the albino Anal. 

of Sno5mal"respirator? quotient values induceif by controlled feeding in the rat,” 
^”<4 w ’ ind^Krarup, N. B., ‘‘Rhythmic diurnal variation in the estrus 

« Medlelelser. 13. #7 (1937) 61 pp. (Article in English.) 
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to be about 25 per cciil of the average. The metabolic rhythm reflects 
aeti\ity, feeding, nervous iiaitability, and related rhythms, although the 

metabidisia was measured during rest. 

These rh}'thms in adults ha\'e their ultimate developmental roots in the sun 
rlivtlim, transmitted and amplified in the organism by the nature of the visual 
apparatus, and secondarily in a superimposed social conditioning. The 
nocturnal rat, for example, develops ingrained habits— conditioned reflexes— 
of sleeping during the day and feeding, etc., during the night. These reflexes 
gradually come to include muscle tone, urination, defecation, and inter- 
mediate metabolism, including blood composition and perhaps body com- 
position. These rhythms are so persistent that in the rat they cannot be 
extinguished by a month of continuous light alone, nor by a month of con- 
tinuous feeding (at 3-hour intervals J of the day^s maintenance ration) alone, 
nor by a week of continuous lighting and fasting. But a combination of 
continuous lighting and continuous feeding (J of daily ration every 3 horn's) 
extinguished the metabolic I'hythm in al)out a week. 

In addition to their scientific and philosophic interest (from the organismic 
viewpoint) these rhythms are practically important in studies on the influence 
of desired conditions on metabolism and related phenomena. Unless the 
rhythm is taken into consideration, or is extinguished as described in the 
text, the metabolic (or related activity) difference due to the conditioned 
diurnal and related rhythms may exceed the metabolic differences caused by 
the factors under investigation and thus confuse the problem. 

In addition to the diurnal rhytiuns, there arc shorter rhythms in the rat, such as 
Richter’s two to four-hour ^spontaneous’ rhythms, 3-hour feeding and ‘washing-up 
rhythms, and numerous digestive, circulatory, respiratory, secretory and excretory 
rhythms, blood and tissue (especially liver and adrenal) composition, and brain-poten- 
tial rhythms, all of which influence the metabolic level. There are also longer rhythms. 
Activities of rats in revolving cages^^ indicate the presence of 4-day rhythms, and even 
longer sex- and seasonal-cycle rhythms. There are also several longer body-tempera- 
ture rhytlims in humans. Thus Zuckcr« Cary'^ and many others, reported monthly 

body-temperature rhythms in women, the lowest temperature coinciding with ovulation 

and increased cervical secretion (Ch. 7). 

« Cf., Wang, 0. IT, “Spontaneous activity and the estrous cycle in the white rat,” 
Comp. Psychol. Monographs, 2, 1 (1923); Slonaker, J. R., ‘‘The of the 

white rat at different ages, Comp. Neurol. Psychol., 17, 342 (1907). ®[’ •/ J 

“The effect of pubescence, estration, and the menopause on the voluntary c y 
the albino rat,” Am.'j. Physiol., 68, 2!)4 (1924); ll.eljtcr.v 1927 ; fehenvood T. C The 
relation fV*A hocnl nipf.nhnlism of the albino rat, «/• 

12 

tative 

ance to age 

« Zucker, T. T., J. Obst. and Gynec., 36, 998 (1938). 

Cary, W. H., J. Am. Med. Assn., 114, 2183 (1940). 



Chapter 10 

Homeostasis and Organismic Theory 


In a world struggling for unity, borderlines between the different spheres 
of human thought become unessential. Thomas Mann 

Vital mechanisms have one object, preserving constant the internal en- 
vironment. Claude Bernard 

About the year 1857 Johannes Muller broke down mentally trying to keep 
abreast of the literature on physiology. E. ./ . K. }fcnge 


10.1: Introduction. This, like C’hapli'is 1 :uul 25, is an integrating chapter. 
It discusses a general principle in l)iology, analogou.s to tlie piinciple of I.c 
Chatelier* or the princii)le of least action in physical science, or to tlu* prin- 
ciple of sufficient reason in philosophy. Wo must Inu e binding concepts to 
give us the feeling of orderliness and keep us from (le\-cloping a Johannes 
Muller neurosis. The principle is, in l)rief, that all organisms and also so- 
cieties of organisms^*— cpiorganisms (Gerard) or supi'aorganisms (Emerson) 
—react to changing conditions in such manner as to maintain constant what 
Claude Bernard- designated as their “internal environment”. 

While the body’s powers of adjustment to different conditions have been 
long known, this knowledge had not become a central principle of physiology— 
and now of sociology^'*— until Claude Bernard’s dramatic formulation, sup- 
ported by the penetrating contributions of Haldane’, Loeb\ Hendcison’, 
Cannon®, Barcroft’, and many others®. 

‘ Le Chatelier, H., “R6cherche8 cxp6rimentales ct th6oretique3 sur les cquilibres 

chimiques,” Paris, 1888. , i , • n • io-o ^ • n 

’ Bernard C “Lecons sur les plienonicnes dc la vie, Pans, 18/8 (see especially pp. 

113-121). See a’lso “Introduction to the study of experimental medicine,” 1926 (based 

on “Lecons de physiologic expcrimeiitalc :ippliqu(>c il la medcciiic. Pans, 1855, and 

“Introd. ill’6tudede la M6deciiiecxp6rimentalc,” Pans, 1885). 

’Haldane I S “ResDiratioii,” New Haven, 1922, and many other books and journal 
articles. For the often mystic flavor of his interpretations, see his, “Philosophical Basis 
of Biology.” London, 1931; also, “Mechanism life and personality’ New York, 1914; 
“The sciences and philosophy,” New York, 1929; “The Philosophy of a biologist,” 

* Loeb^J^ “The organism ns a whole,” New York, 1916; also “The mechanistic con- 
ception of life,” Chicago, 1912, and “Forced movements, tropisms, and animal conduct,” 

^''iH'indMwn^L.'j., "The fitness of the environment”, New York, 1913; “Blood, a 
study in general physiology.” New Haven 1928gThe excretion of acid in health and 
disease, ’’Garvey Lectures, 1914-15, pp. 132-53; “Physiologic regulation of the acid-base 
balance of the blood and some related functions, Phystol. itet;., 6, 131 (1925). In addi- 
tion to the above books and reviews, the following papers by Henderson on control of 
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One of Ifcrnard’s generalizations is that the degree of an organism’s inde- 
pendence of its en\’ironinent is proportional to its ability to maintain constant 
its internal environment: la fixile du milieu intericur est la condition de la vie 
librc\ and that the organism is a closely knit community, the component 
members of which are organized to keep the internal environment constant 
in the face of fluctuating external conditions (examples of “physiologic con- 
stants”: blood pH, body temperature, blood pressure, pulse rate, etc.)- 
We shall employ Cannon’s designation® homeostasis to describe this principle, 
this tendency to maintain a “steady state” (homco from the Greek, like or 
similar; homoio, the same). 

Homeostasis, the integrated cooperation of all the organs and systems in the 
body — nervous, endocrine, circulatory, excretory, digestive, and so on in 
the maintenance of a “steady state” equilibrium may be considered as one 
aspect of what is often referred to as organicism®, holism'", gestalt", and re- 
lated concepts including, on other planes, perhaps dialectic materialism'", 

multiple causation, and so on'". 

While some phases of adaptation of organism or supraorganism may be 
considered as special cases of the theorem of Le Chatelier, foimulated for 
non-living systems, homeostasis is reserved for biologic (and sociologic in 
this book) changes which do not necessarily occur in the same direction, as 
they would in a non-living system. Thus changing environmental tempera- 
ture does not necessarily change body temperature but sets in motion thei mo- 

acidity are classics; “Equilibrium in solution of phosphates,” Am. 16. 257 

(1906); “Neutrality equilibrium in blood and protoplasm, 

“A critical study of the process of acid excretion,” J . Biol. Chem., 9, 403 (1911); Ergeb. 

^ ‘^Cannon, W.^B., ^“Organization and physiological homeostasis,” Phyffol- Rev., 9, 
397 0929)' “Aging of homeostatic mechanisms,” in “Problems of Aging, Baltimore, 

1939 - “The wisdom of the body”, New York, 1932, 1939. , 

’ Barcroft, J., “The brain and its environnmnt,” New Haven, 1938; J",*')*® 

Architecture of Physiological ^"'' 9 ^) 0 ''®;. Cambridge Uniyersi y Press,^^^^^^^^^ Ba 
fixitd du milieu int^rieur est la condition de la vie libre, Biol. Rev., 7, 24 (19S2;. 

8 The following books, among others, appeared after this 'y,®® fg’ 
Ed “Levels of integration in biological and social systems, CatteH Press, 1942, 
esnecially the essays by R. W. Gerard and A. E. Emerson. Adolph E. F., Physiological 

regulation^’ Cattel Press, 1943. Gellhorn, E., “Autonomic Book 

1943. Crile, George, “Intelligence, power, and personality, McGrau-Hill lioo 

Pikt\ F. H., Science, 76 , 384 (1932). Woodger, J. H., Quart. Rev. Biol, 6, (1931); 

Smut*8*^J ” ‘holism ’and evolution,” New York, 1926; Science, 74, 297 (1931). 
n Crfeka.K.. ‘‘Gestalt psychology.” New York, 1935. Koehler, M., “Gpta t 
Dsvchology,” New York, 1929. Lewin, K., “A dynamic theory of Pe''so''®'*ty'. 

^'o^rk 1936 Gestalt is a constellation (or multiple) response to a constellation (or 

ffl fcS 
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regulatory apparatus to roiintorat't the (‘xhanal (‘luuigo (('h. \\). Admin- 
istration of thyroxine to normal individuals do(‘S not luwssarily increase the 

% 

metabolic rate, but sots in motion mc'chanisms lor supi)rossion of the IkkIv’s 
own thyroxine production (C'li. 7). Uoducin^i oxyK<'n pressure in the air 
(by climbing a mountain, or in a low-pressure chamlier) does not necessarily 
reduce the oxygen supply tt) the colls but sets in motion K'gnlatory changes 
(such as increasing the hemoglobin concentration in blood and other oxygon- 
carrying mechanisms and— the latest observation- probably incieasos tla- 
concentration of the oxidation catalysts in the laxly as indicatoil, foi- exami)le, 
by increased excretion — 'and therefoi'o production- of ascoibic acid in lats 
on placing them in a low-pressure chamber). Biologic reactions are, evi- 
dently, not always explicable on the customary physical or chemical levels 
(Ch. 16) but on unique organkalional levels which may not be present in 
non-living systems. This appears to lie recognized as indicated b> the follow- 
ing remarks; life is not a characteristic of atoms, molecules, or genes as such, 
but of a certain organization of the parts of the lir Lng oiganism (C. G. C onk- 
lin) ; the laws of physiologx' are laws of orgatiizalion (( laude Beinaid), 
phykology is concerned with sociological laws, laws of organizaiion and 
adaptation (A. Carrel); the unique problem of physiology is to disco^-er the 
jelatedness to one another of the details of structure and function (.f. S. Hal- 
dane). Darwin has said that evolution is change in form in successive genera- 
tions in response to certain influential factors in the einiionment. 

The concept of homeostasis, especially if it is extended to include societies 
of organisms as well as individuals, has very far-reaching implications. 
Indeed, every one of the preceding and following chapters is an illustration 
of the effectiveness of homeostasis. Thus the following chapter is concerned 
with homeotherray, the homeostatis of body temperature. Chapter 24 deals 
ivith homeostasis in muscular work, that is, the maintenance of a constant 
level of oxygen and carbon dioxide in the blood in the face of greatly increased 
oxygen consumption and carbon dioxide production during heai-y muscular 
exercise. Chapters 13 to 15 discu.ss the homeostasis of metabolism in rela- 
tion to surface area and to change in form. Chapter 17 is concerned with 
homeostasis in relation to the ratio of surface area and of strength of the 
supporting structures to increase in body weight. Chapter 16 deals with the 
homeostasis of growth: growth proceeds as if the “ normal ’ condition ivere 
that represented by the mature size, and the rate of growth tends to be 
proportional to the distance from the mature size. Chapter 18, on senes- 
cence, is concerned with failing homeostasis; and so on, as illustrated by 
some of the following sections which could be expanded indefinitely. 

Pathology may be considered as the study of attempts to maintain homeo- 
stasis under conditions of injury. When injury occurs, processes are set m 
motion to correct it. The tendency to wound healing is, indeed, so great that 
we pay little attention to it. Even a heart afflicted with coronary sclerosis 
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(Ch. 18) may function for many years l)y \arious compensatioi.s, even to the 
extent of ( stalrlishing new collateral circulatory vessels to take over the 
functions of the sclerotic ones. Reproduction of the organism as a whole, 
as of its constituent cells, may be considered as a compensatory, or homeo- 
static, mechani.sm against senescence, maintaining constant the internal social 
environment in spite of the aging of its constituent members. 

The study of homeostasis is, then, the analysis of factors that maintain 
an advantageous dynamic steady state in biologic sy.stems in the face of 
conditions that oppose it. 

Let us discuss a few illustrative homeostatic mechanisms in detail. In 
the interest of simplicity each of the following sections is devoted to a different 
homeostatic mechanism. These mechanisms do not, however, necessarily 
function independently. 

10.2: Body-weight regulation'^ Some readers may recall that their body 
weight had not changed as much as five pounds over many years, in spite of 
widely differing conditions of life. Some may also recall the difficulties en- 
countered in attempting to increase or to decrease body weight. The body 
appears to have automatic regulatory, or homeostatic, mechanisms stronger 
than puiposive resoh’cs to change body weight. Two or three of these 
mechanisms have been investigated. 

One, the decline in digestibility, metabolizability, and assimilability (or 
increased losses in feces, urine, and heat increment of feeding, or SDA) 
has been discussed (t’h. 5). The more food consumed, the less the nutritive 
utilization per unit food ; conversely, the less food consumed (vdthin certain 
limits), the higher the utilization per unit food. 

Then, too, the higher the food intake, the higher the body weight and, 
therefore, the greater the proportion of the food that goes to maintain the 
body; tmnver.sely, the lower the food intake and the lower the body weight, 
the less it costs to maintain the body. In brief, the dietary maintenance tax 
is adjusted to the dietary input; when placed on a reducing diet the organism 
becomes more economical, thus counteracting weight reduction; on an 
abundant diet, the organism becomes more and more extravagant, counter- 
acting undue fattening. The body persists in maintaining its “normal” 

» 

weight. 

Our colleague Addison Gulick'^ characterized by a spare or non-fattening 
type of “normality”, reported in a dramatic manner his strenuous but rela- 
tively unsuccessful attempts to gain weight. Gulick “explained” his un- 
successful attempts to gain weight by referring to “spendthrift oxidation 

« For a recent discussion of the physiologic mechanisms adjusting intake to output, 
or sains to losses, of body weight, including water, energy, and nitrogen, see Oasnier, 
A.,lnd MayerA . Ann. PhysM. hysicochun. bioL, 15, 145, (1939) .(nature and number 
of regulatory mechanisms); p. 157 (nutritional regulatory mechanisms in the rabbit), 
p. 186 (regulatory mechanisms of metabolic intensity); p. 195 (breed differences in rab- 
bits): p. 210 (individual differences). 

Gulick, A., Am. J. Physiol., 60, 371 (1922). 
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during o^'el'nou^ishln<'n1” and “oconouiii'ul oxidation during undernouiisli- 

ment”. 

Anderson and l-usk"’ investigated the eilieieney of a dog working under 
various conditions of food supply. Tlie ilog showed gix'ater energy expense 
when in an overnonrished tlian in a spare condition. Zuntz and Loewy'^ 
reported 10 and Ui per cent reductions in their basal en('rg,\' metabolism 
when placed on the siran* Clerman war diet. Benedict''* aiul associates 
reported 20 per cent reduction in l)asal eneigy metabolism in young men on a 
reduced diet involving a loss of 130 g nitrogcm. 

All in all the bodv has vcrv effective automatic mechanisms to i)revent 

I ♦ ' 

interference by purposive meddlers with its normal, that is, its hereditary, 

weight. 

The homeostatic regulation of l)ody weight is evidently of great agricultural 
importance. High feeding accelerates the fattening process, but it occurs 
at a greatly increased energy cost; conversely, the leaner the animal at the 
beginning of a fattening trial the more economic its gains. In general, the 
economy of gain tends to be proportional to the distance from the “finished 

condition” {Chs. 5 and 22). 

Though we are not here concerned with detailed causal mechanisms, it may 
be noted that the immediate hunger mechanism was shown by C’annon” 
and by Carlson"-'’ to consist of contractions of the stomach walls. The 
contraction hunger pain is reinforced by appetite, psychic longing for the re- 
membered sensation of feeding. 

Bulato and Carlson"' reported that hunger contractions may be produced 
at will by reducing the blood sugar by insulin injection, indicating that 
reduction of blood sugar produces the stomach contractions. There is no 
doubt that food consumption and weight gains are greatly increased by 
administration of insulin in proper form (protamine zinc insulin) . How- 
ever, it has not been proved that the normal hunger sensations are caused by 
lowering the blood-sugar level. But whatever the mechanism, it is effective 
in maintaining the body at its hereditary weight level. 

I* AnHprsnn 1? I and Lusk, G., J . Biol. Ckem., 32, 421 (1917). 

^erl. Klin. Wochsch., 825 (!916); Biochem. Z., 190, 

BenLict, F. G., Miles, W. R., Roth, P., and Smith, II. M., Carnegie Inst. Pub. 280, 
Cannon, W. B., “Difiestion and health,” New York, 1936; Cannon and Washburn, 
^ A* J*^**“T’he^control of hunRer in health and disease,” Chicago, 1916. 

"'bSCe . 'and Carlson. A. J., Am. 

»»MacKav E A. Callaway, J. W., and Barnes, R. 11., “Hyperalimentation m norma 

animals produced by protamine insulin”, J. Nut.. 20, 59 (1940). Long, iL L , and 
bischoff, F., “Effect of insulin upon body weight of rabbit, /. A 2, 245 (1J30). 
Maclagan, N. F., “Role of appetite Pj '"’Jy f PhyswL, 90, 385 

(1937)7 Macleod J. J. R., Magee, 11. E.. and Middleton, W., “Insulin and increase in 

weight of young animals,” Bioc. J . 24, 615 (1930). 
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10.3: Body-water regulation-\ The fat-free body of cattle contains about 
71) pel- cent water in a<lults, 00 per cent in the early prenatal period of growth. 
If the fat i.s included, the water percentage tends to vary inversely with the 
fat content, since inu.scle contains 75 per cent water, whereas the fat depots 
contain oidy ti to 20 per cent. The early embryo, which has little fat, con- 
tains'-' up to perhaps 90 per cent water, while the very fat mature steer may 
contain'-'' l)ut 40 per cent water. The various constituents differ in their 
water content: 99.5 i)er cent in saliva; 99 per cent in cerebrospinal fluid; 
85 per cent in brain gray matter, 08 per cent in brain white matter; 79 per 
cent in blood; 75 per cent in muscle; 72 per cent in skin ; 00 per cent in bone. 

Water is being continuously lost through kidneys, alimentary tract, exhaled 
air and skin. These lo.sses are made good by the automatic thirst mechanism, 
just as losses in body weight are made good l)y the hunger mechanism. 

When exce.ss water is ingested, the body keeps this water from diluting its 
internal environment by excretion and by storing it in the muscles and skin 
which constitute water reservoirs. Thus Haldane and Priestly-^ reported 
that of 5 liters water taken between 10:45 and 1:15 p.m., 3.2 liters were 
excreted in the urine by 3 p.m. Apparently none of the remaining water 
in the Imdy (eciui\-alent to 40 per cent of the blood volume) was found in the 
blood. There is considerable evidence that the muscle and skin store the 
excess water temporarily. 

Adolph'* reported that the rate of water excretion is proportional to its 
excess above the normal le\X'l and the rate of water intake is proportional to 

its deficit below the normal water level. 

10.4: Carbohydrate-level regulation-^ J^Ian does not tolerate a decline in 

blood-sugar level below about 80 or 70 mg per cent, and if it rises above 160 
mg per cent the blood sugar spills over into the urine. The blood sugar in 
post-absorpti\'e condition is normally 90 to 100 mg per cent, and after a meal 
about 130 mg per cent. How docs the body regidate the blood-sugar con- 
centration within these narrow limits, considering the large quantities of sugar 
thrown into the blood after a substantial meal, oxidized during heavy muscular 
exercise, or tapped off during milk production? 



MissouIiTi Exp. Sta Res. Bulls., 28. 30, 38, 55 For a review see 
Moulton, C. R., “Age and chemical development of mammals, J. tSiol. Lnem., 

J S and Priestly, J. G., /. PAi/siob, 60, 296 (1916). Barcrofty9^. 

“ For review of thediterature on the hormonal control of a carbohydrate metabolism 

see Ru seh J A.. Physiol. Rev., 18. 1 (1938); Himwich, H. E.. Ann Rev. Biochem J. 
143 (S Evans, H. M., Ann. Rev. Physiol., 1, 628 (1938); also the current Annual 

Reviews. 



2-19 


HOMEOSTASIS AM) OEOAXISMIC rilEOKY 


Claude Bernaril’s rosoarclios on (lie bloud-taigar le\‘el led to his generaliza- 
tion at the heail of this chapter. Bernard’s conclusion, amply suhstantiatc'd, 
is that the excess glucose is coiuerted into insoluble glycogen and fat. The 
liver is the major glycogen-storing organ, accounting for from one-fourth 
to over one-half the total body glycogen; the remainder is distributed in the 
muscles. The glycogen is recoin’orted to glucose and fed back to the blood 
at a rate required to maintain the blood-glucose constant. Insulin (from 
the islets of Langerhans of the panaeas) is the major hormone invoh ed in 
this conversion. The blood-sugar level is also regulated by the pituitary 
(glycotropic hormone), thyroid, and kidney. In addition, the nervous .system 
is involved, by serving as medium of transmission and communication for 
the bodily needs. The sympathoadrenal s\’stem is in\-ol\-cd in sugar mobi- 
lization in emergencies (see Cannon^®). 

While excess sugar in the blood docs not produce important subjective 
symptoms, blood-sugar deficiency leads to feelings ranging from hunger 
through nervousness and weakness, to convulsions following an exc('s.si\-e 
dose of insulin injection (insulin or hypoglycemic reactions). Objective 
symptoms are pallor, rapid pulse, dilated pupils, profuse sweating, and con- 
vulsions. The brain obtains its energy perhaps exclusively from sugar''' 'I 
For this reason, in part, sugar deficiency in blood, for example, insulin 
hypoglycemia, leads to serious nervous disturbances'’ (Sect. 20.2). 

Blood-sugar regulation declines with age following 30 or 40 years’’, perhaps 
because of defective glycogen storage in the liver”. 

10.6: Calcium-level regulation The parathyroid hormone (parathormone) 
is the principal regulator of calcium-metabolism'’- (Ch. 7), analogous to insulin, 
the principal carbohydrate-metabolism regulatoi. Ihe peicentage lange of 
the calcium level in blood (9 to 12 mg per cent plasma) is of the same order 
as the percentage range of glucose in the blood (80 to 130 mg per cent). There 
is the additional limitation that the product of calcium and phosphate ions 
should be constant (in serum the product of Ca and of P in mg is about 30 
and the Ca/P ratio between 1 and 2). In other words, the proper functioning 
of calcium metabolism is also dependent on a certain phosphate” concentra- 
tion, and it might be added, on a certain concentration of parathyroid hor- 
mones, vitamin D, and phosphatase enzyme. 

Himwiph H E and Nalium, L. H., Am, J. Physiol., 101, 4-16 (1^32). 

** Himwich! H. e/, el al., J. Nerv. and Menl. Dis., 89, 273 (1939). Holmes, h., Bio- 

« pS" E Langiyf a ^ in mood Sugar,” Lancet, 2. 947 (1926). 

P and Percival, G. H., “Calcium metabolism," Physiol. Rev., 8, 
283, aid 302 ’(1^):’ Shelling, D. H., “The parathyroid in health and disease,” Mosby, 
1036. Schmidt, C. L. A., and Greenberg, D., PAymoi. Rev., 16, 297 (1J35). Aub. J., 

ilm. Afed, A«8n., 109, 1276 (1937); see Ch. *• r i - j c • 

“ Rickets is often the result of phosphorus deficiency, as also of calcium deficiency. 
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0 lie i‘(|uilil>i'iu!ii ix'twiM'n calciuin it»n (in (Hie liaiid and insoluble bone 
ICaC’Oj ’i to :U'a:tll’t b):;| on ibe olher, is analogous to the oquilibrium 

u'tweon iilood suji;ai' an<l j^lyco^on. 

.Inst as liypojilvi’tania ailccts tin* iutnous systian (incstly the cortical func- 
tion), so hv|)ocal(‘cinia att(*cts the n(*r\ons sysican (mostly the autonomic 
and [icriplicral ium'Vous systcans). Milk h’\(a‘ (in dairy cattle) is a familiar 

agricultural example of hypocalcemia. 

10.6: Fat-level regulation^*. The bfoixl contains lipoids in the form of 
total fatty acids oj* “total lipid” 300 to 500 mg per cent; cholesterol esters 
150 to 190 mg per cent ; lipid iihosphorus (lecithin) 12 to 14 mg per cent; or 
phosplmlipid about 140 mg pta' cent (in plasma) to 420 mg (in corpuscles). 
Ho\v(‘veiy very mucli higher values wvw rt'corded in essential hyperlipemia^^. 
Ingestion of a meal of fat ic suits in ' alimentary lipemia”, associated with a 

rise of fat in blood to 2 or 3 ixa* c(ad. 

.\s sugar or calcium conccaitialion remain nearly constant by storing or 
drawing on glycogen or bone, so the lipoids remain roughly constant by stor- 
ing fat in \ arioiis fat depots when tluac' is excess of it, and drawing on these 

fat depots when there is scarcity of food. 

The physioh^gic control of li])oid transport has been investigated most 
extensively by IMoor^k As a calcium hexo.se monophosphate is the important 
intormediary in calcium metabolism and calcium homeostasjq so lecithin, 
also a plu.sphorus-conlaining su! stance'*®, appears to be the important inter- 
mediary in lipoid hornecstasy. It was noted (pp. 128 and 133) that lecithin 

(or choline) deficiency leads to the formation of fatty livers and “cholesteiol 

livei’s”^b 

10.7: Oxygen and acid level regulation. The process of living involves the 

consumption of enormou.s ([uantities of oxygen and production of equivalent 
(luantitics of acids (carbonic, sulfuric, phosphoric, etc.). A^et both oxygen 
and acid levels deviate insignificantly from the “normal” level even during 


Bloor, W. II., Phifsiol. Rev.. 2. 107 (1922); Chew. Rev., 2, 243 (1925); ;|Harvey Lec- 
j”, p. 39, 1923-24, and mure rceent reviews in Ann. Rev. Bwchem; Biochemistry 


34 

lures 

of Fatty Acids,” Rcinhold, 1943. . r n i- # Vc ii 

3M3ernstein, S. S.. et al., “A child with essential hyperlipemia, J. I edtatnes, 

570 (1939), cited the following data, mg 100 cc blood. 


Normal 6-yr old 
The hyperlipimid child 


Total lipids 

Phospho- 

lipids 

Neutral fat 

Free 

cholesterol 

Cholesterol 

esters 

Plasma 

1 

Ery- 

tliro- 

cylcs 

Plas- 

ma 

Cor- 

pus- 

cles 

Plasma 

Cor- 

pus- 

cles 

Plas- 

ma 

Cor- 
pus- , 
cles 

Plas- 

ma 

Cor- 

pus- 

cles 

452 

418 

140 

240 

94 

44 

33 

99 

184 

1 

34 

3100- 

650- 

440- 

480 

2100- 

50- 

130- 

80- 

430- 

80 

Aff 

4200 

760 

520 


3200 

450 

200 

95 

700 

95 


« For the formula of lecithin, sec page 12S. 

3T Best, C. H., and Ridout, J. H., Ann. Rev. Bwcheni., 8, 349 (1939). 



251 


IIOMI'OSTASIS AMi ,\7N.l//r T}Ii:i)in' 


muscular oxorciso, wlicn tin* vixytirn miisumptittu and cailxinic acid produc- 
tion may increase tou-l'old ((’h. 21). 'rhi> coj.siaiicv (tl inttanal environmoiit 
% • 

is brought about by sovoral incclianisms. Inun iiicii'ascil ventilation rate and 
circulation rate ((’li. 211 to incK'ascd hemoglobin eoneentration. Thus 
ascending Mount Mverest almut 20, IKK) feet, wIk'ic the o.xygen pres-surc is 
50 per cent of that at .sea level, tlu' blood hemoglobin may inerea.so from t 
million cells/cc to over S million. Moreover, a hemoglobin unit in high- 
mountain dwellers can earry mori' oxygen, as illustrated by the following 
data from DilF* on high-mountain dwellers. 



Vicun.i 

'hijili-miHint.iin 

thvcller) 

•Man 

IXitTKjUlC 

Sheep 

Volume *7 MrU-rial 0: 

is.n 

14.4 

S.4 

Volume % venous O- 

4.0 

2 . 4 

1.0 

DifTerence 

14.0 

12.0 

7.4 


Then, too, under sudden ileinaiul lor oxygen tlu' blood stored in the si)leen 
and liver is released to help with tlu' oxygen trans|)ort. Harcroft'’'^ reported 
that the spleen of a dog was reducetl to normal size when the dog was set 
to chase a cat. Scheunert and Krzywanek"’ reported increased blood counts 
in horses during exercise. Rein^‘ rci)orted that the lix'ei' relea.sed 25 per cent 
of its blood under the influence of adrenaline. In brief, exercise and other 
conditions which involve increased oxygen use ai-e associated with increased 

hemoglobin concentration. 

It is interesting to recall that in the later stages of gestation fetal growth 
proceeds at an increasingly relative faster rate than the placenta, resulting in 
decreased oxygen supply to the fetus. The blood picture of the new-born 
shows the effects. This prompted the remark (l)y Barcroft?) that during the 
last stages of gestation the embryo lives in a Mount Everest atmosphere and 
is acclimated to it. For t his I'eason, in part , new-born and very young animals 
have very high hemoglobin concentration and, in general, tolerate anoxia very 

much better than older ones (Ch. 14). 

The exceptional ability of whales, seals, and beavers to remain submerged 
for half an hour depends (Ch. 24) on the.se homeostatic reserves : large blood 
volume, high hemoglobin concentration, the ability to go into great oxygen 
debt, and especially the ability to shunt the blood (which carries the oxygen) 
to the central nervous system (most sensitive to oxjgen want) fiom the othci 
tissues, those less sensitive to oxygen want, .\noxiu is also associated with 

"Dill D B “Life heat, and nltiUiile,” ('aiiiljridfic. Mass., 1938. Altitudes and air 
pressures: MouAt Everest having an altitude of about 29,000 feet has an air pressure 
which is about 35 per cent of sea-level pressure; Pike.s Peak, 13,000 feet high about 60 
per cent sea-level pressure; Mexico City or Santa Ft- about 8 000 feet, about /8 per cent 
sea-level pressure; Denver, about 5,000 feet, about 83 per cent sea-level pressure Hall, 
F. G,, Dill, D. B. and Barron, E. S. 0.,J.Cclluhr and Co,,,,,, ^swl 8, 301 (1936) 

” 6arcroft, J.,L also J. Physiol., 68. 3t5 (1930).. Izquierdo E J and Cannon, W. B., 
Am. J. Phvsid., M. 545 (1928). (Fear rafie increase red h ood count) 

" Scheunert, A., and Krzywanek, K W., / flW'' ^ (’*^26). 

“ Grab W., Janssen, S., and llein, H., kltn. U oeh., 33, 1539 (1931). 
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lowered body teinperatiiri' and, therefore, redneed metabolism and depressed 
oxyi^en need. 

Since lack of oxygen and lack oi glucose liave tlie same end effect on brain 
metabolism, the nervous symptoms described for hypoglycemia also hold for 
anoxia^-. 

Tile mechanism of blood-acidity regulation was worked out chiefly by 
Henderson ^ The blood pH ranges only^^ from 7.30 to 7.45. Kven feeding 
sulfuric acid (over a liter a day of X H2S()4 to hogs-^^) did not change it. 

The maintenance of constant pH of the blood is accomplished by (1) 
preliminary neutralization by tlu' blood liuffers (hicarl)onates, phosphates, 
hemoglobin, and also by ammonia), (2) excretion of the volatile acids (CO 2 ) 
l)y the lungs, and (3) excretion of the non-volatile acid by the kidneys. 

10.8: Neuro-endocrine homeostasis. We have seen (C'h. 7) that if the 
metabolic hormone thyroxine is injected, the body “tries” to keep the meta- 
bolic level constant by reducing its o\mi production of thyroxine. Similarly, 
if the sex hoinione estrogen is injected, the animal “tries” to maintain its 
normal sex activity level l)y reducing the production of its own estrogen. 
Both of the conti’ols aiv carried out by way of the pituitary, by depressing the 
production of thyrotropic and gonadotropic hormones respectively. The same 
mechanism is employed for many other hormones controlled by the pituitary. 

Dairvmen know that milking stimulates and cessation of milking depresses 
milk production. Xow milk production is dependent on pituitary lactogenic 
hoi-mone production, and it appears^® that suckling stimulates it, obviously 
by a nervous path. The closely related maternal reflexes are even more 
intimately dependent on the central nervous system, including the higher 

brain centers^k 

The dietary control of insulin production is interesting. On heavy feeding, 
the islets of I.angerhans hypertrophy, producing more insulin to take care 
of the excess sugar. However, this often sets up a vicious cycle: the more 
food, the greater the liyperinsulinism and the greater the hyperinsulinism 
the greater the desire for food. This leads to obesity and frequent degenera- 
tion of the islets of Langerhans due to overwork^*. Here we have a type of 
homeostasis which by its immediate correction leads to ultimate failure. 

^Mlimwich, et (1939), Barcroft” (1938), Gellhorn* (1943). Van Liere, E. J., 

^3 Henderson, L. J., and Paliner, W. W., '‘Acidity of unne J Bwl. 

0912) and 14. 81 (1914). Henderson, L. J., ^ also Van Slyke, D. D., 

Rev 1 141 (1921); J. Biol. Ckem., 30, 281 and 401 (1917); 48, 153 ^^ 21 ); 62, 525 (1922), 
64, 48i and 507 (1922); 79, 769 (1928); Peters and Van Slyke. “Quantitative Clinical 
riipmistrv ” 1931 Williams and Wilkins. Barcroft,’ and Haldane’. 

,^D. i Talbot, J. H., and Edwards, II. T., J. Physiol,, 69. 267 (1930). 

«Lainb A. R., and Evvard, J. M., “The effect of organic and mineral ac ds on 
growth, reproduction, and metabolism in swine,” Iowa Agr. Ivxp. Sta. Res. Bull., lO, 

'^^'fsec Turner Ch. 7. Selye, H., el al., Endocrinology, 18, 273 (1934). Reece, R. P-i 

W. Proc.Soc. Exp. Biol. Med.,35,m (mi). 

" Lcblon’d, C. iV and Nelson, W. 0., Am. J. Physiol., 120, 167 (193r). Leblond, • 

Gen. Psychol., 67, 327 (1940). noi'i'i 

Brody, S., Ann. Rev. Biochem., 4, 384-6 (1935). 
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There are other examples of the sanu^ lype- I'hius strong (^notions lead to 
nerve excitation (parasynipailietie, vagi, sacral) and production of excessive 
amounts of acetylcholine, syinpathin, histamine, atlrenaliiie, and so on 
favoring the overcoming of the immediate emergency Imt olten witli un- 
favorable long-range effects ((’li. 18) on the circulatory and digestive sys- 
tems. Exophthalmic goiter is attributed by C’rile (('h. 18) to over- 
excitement. 

A familiar example of the effect of nervous stimuli on endocrine activity, 
which has a homeostatic basis, is the mobilization of sugar (hyperglycemia) 
during emergency' to furnish the energy for the forthcoming elfort; it the 
effort does not materialize on a physical plain* (as in the case ot a sp<‘Ctator 
at a foot-ball game who does not himself fight although (*motionally geared 
thereto), the sugar is eliminated by the kidney, constituting the well-known 
emotional glycosuria, thus keeping the blood sugar level constant (C an- 

non’s emergency theory^^, see Sect. 7.3.2B). 

Some emotions become habitual, chfoiiic, “stiuctured , or conditioned, 
such as those investigated by Pavlov®'*, ihese arc of great agriciiltuial as 
well as social importance. Good animal husbandmen appieciatc the im- 
portance of gentle treatment of their animals, and are tuvaie of tlu* unpleasant 
conditioned reflexes, or habits, that may de^■clop, especially in horses and 
dairy cattle. As Mark Twain has said, hal)it is hal^it, not to be flung out of 

the window by any man. 

Rapid salt loss due to an}’' one of many causes, such as adicnalcctom\ , 
diabetes insipidus®^ or sweating is associate<.l with coiiesponding cia\ing 
for salt^^ On the other hand, extreme salt consumption is often a diagnostic 
symptom of adrenal and related diseases. Indeed, it has been suggested that 
taste thresholds may serve as delicate indices of nutritional deficiencies^^ 
Parathyroidectomy, which disturbs calcium metabolism, is associated with 
greater (four-fold) calcium (lactate) intakc^^ In the absence of calcium 
more magnesium and even strontium salts are consumed. During pregnancy 
and lactation protein and mineral (but not carbohydrate) intake is increased^^ 
Vitamin B is essential for carbohydrate oxidation; hence the aversion for 
carbohydrate (and protein) and craving for yeast on a vitamin B-deficient 
diet^«- However, this homeostatic mechanism does not function precisely. 

13 < f P/iwsfo/ . 69. 46, (1024). Cannon, “The James-Lange 

>- »”"■ 

t I >» 1020 and The wisdom of tfie body, 10t>2. 

PavW TV^-'CoiJditioned reflexes,” London. 1927 Deutsch, F,, “The produc- 
tion of somatic disease by emotional disturbances”, “The mter-re a lonsh.p of mmd 

and body,” Vol. 19, Assn. Res. Nerv. 

“ Richter. C. P.. and Eckert, J. I Endocrinologn, 22, 214 (1938), 

“ Swann, II. G., Science, 90, 67 (1^39). 

" Richter, C. P., Endocrinology, 24, 367 (‘J3.)). 

(1937). S.. .1,. M 

Callum!^ G.^an^dVoegt^Nt.,’./. 

fl'osp., 19, 91 (1908). .. ... -nr „oia^ 

•• Richter, ef al., Am. J. 124, 596 1938 . 

•» Jukes, 6. L., J. Comp. Psychol., 26, 136 (1938). 
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Thus ('hifkens do not dihorontiato hetwwn ril)oflavin-ricli aiul rihoflavin-poor 
diets cYvn if they are rill()lla^■itl-starved''^ Many otlicr (examples could he 
eited^^. 

Appetite, then, appf'ars to Ik* in many (■as(‘s. iiut not in all, an important 
^tnd(‘ to '‘nutritional wisdom" or homeostasis, pro^■ided that it is not condi- 
tioned advei'sely in (‘arly lif(a d'he wid(' ])(»|>ularity ol '‘sweets” and white 
l)read may he the result of early conditioning hy a wronj^ “psychodietetics”. 
It is interestinji; to note that such animals as dairy cattle and hi^h-laying 
fowl rais?d under relati\’ely aititicial sysUans rathea* lack imti’itional wisdom, 
and the same is triu* (»f children (Sect. 20.5). 

10.9: Social homeostasis.’’ A iniilti-ccllular ori^nni.siu may lie viewed as a community 
of individual eell.s .speeiidizc'd to perform various functions fur the community as well fls 
for carrying out their own basic im'taliolic or life proce.ssrs. Such a viewpoint suggests 
an analogy between an imiiridufd rnulti-eelliilar organism, for exami)lc an ant, termite, 
or bee, and a society of organisms, or supraorganisin, for example, a colony of ants, ter- 
mite.s, or bees. The multicellular indivitUial termite is derived from a single egg cell. 
The cells of the indiviiliiai diffenuitiate, by virtue of tlieir positions in the body, into 
the various .s[)eeialized ceils and tissue.s. Similarly, the colony of termites or bees is 
derived from virtually a single egg ceil, the individuals of which differentiate, by differ- 
ent feeding methods ami other conditions, into various specialized individuals— workers, 
soldiers, drones, queens, and so on. 

In some species at some time it is imleed impossible to distinguish between a multi- 
cellular imiividua! and a closely integrated group of individuals. Not only are the two 
categories alike in being eornposed of tlie same ultimate substances, carrying on the 
same metabolic processes, having similar adaptive mechanisms, but both arc stages in 
the evolution of ever larger and more integrated “orgs”. It will be shown (Chs. 16 and 
19) that the age curves of growth of individuals, such as rats or pumpkins, are so 
similar to the time curves of growth of populations (of yeast, bacteria, flies, men) that 
all the curves can be made to coincide. 

This analogy between tiic individual organism and society of organisms extends to 
social homeostasis, of which social insects (such as termites, ants, bees, and so on) 
furnish striking examples on one organizational level. But one may cite examples of 
homeostasis on many different levels and in different categories, indicated by the follow- 
ing illustrations. 

The reproductive function attains peak activity when growth approaches its end (Ch. 
16), that is, when the individual organism begins to get old. Sexual virility may thus 
be said, figuratively, to coincide with approaching individual senility (Ch. 18). The 
lawn grass goes to seed most readily when individual life is threatened and on the decline 
(as in drought, etc.). Reproduction of the individual may tlius be viewed as a phase of 
social homeostasis. By reproduction the “internal environment” of the social organism 
is kept constant in spite of the aging and dying of its constituent members. Reproduc- 
tion is a social homeostatic mecliunism. 

The reproductive process (Ch. 7) is extremely complex and, needless to say, the in- 
dividual plant or animal does not foresee the social-preservation, or sociocentric, “pur- 
pose” of its reproductive drive, just as it does not foresee the individual-preservation, 

Jones, H. M., J. Am. Med. Assn., 116, 274 (11140). 93 1 

*^9 Cf. Cannon, W. B., “The body physiologic and the body politic, i 

(1941) Gerard®, and the other essays in Redfielcl®. Brody, S., Science and doc 

Wisdom”, Sc, Monthly, 69, 203 1944. 
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or iiulividuooaitric, “purpose'’ of it:> lnnim r mimI tliiist liiivcy. But the ultinuito func- 
tional aim appears to be to luaiiitaiii constant tlic “internal environment” of tlie social 
and individual organisms respectively. 

The homoostatie meehanistns appear to evolve to ever Hner orgaiii/ational levels. 
Thus (Ch. 8) reproduction is adjusted, in tlie social intmest, to function in such .seasons 
of the vear as will give the new-born animal the lu st o]>portunity for survival. 

The development, in the nu)st evolved animals (matnmals). of tlie uteru.s and of mam- 
mary methods of raising the young is anotlier illustration of tlie iucri'a.sed perbadion of 
social liomeostasis witTi advancing evolution. In.stead of drup[)ing the nnfeililized eggs 
in the ocean as a (ish doe.s, the liiglily evoh ed mammal houses and nurtures the young in 
an especially evolved body cavity; tlien. after birth, gradually bridges the young to 
independent life by feeding it with the special mammary secretion. The dairy industry 
is, of course, based on the exploitation of thi.s evolutionary mammary development. 

This type of reproductive method develo[).s family life. Family life is also strong in 
many bird species, especially those like pigeons, which produce “crop milk”, and as 
previously noted on a different organizational level, in social insects. But it is, perha|)s, 
on the highest level in mammals, particularly in man, who is distinguished from other 
mammals by a liighcr level of consciousness and by the ability to raise children of dilTer- 
ent ages simultaneously. Thus a special type of social life evolves, leading to the de- 
velopment of the uniquely human social ch:iraet<'ristics of patience, forbearance, and 
charity on the part of the ohhn- and stronger children toward the younger and weaker 
These newly evolved eliaractoristics may be callctl moral or ethical, and arc destined 
to play an ever greater part in the evolution of human social lib* if the luiman species 


is to survive. 

In man we see the family idea, with its liighor level of conscious homeostasis, develop 
into ever larger aggregations— tribe, clan, nation, and finally, perhaps, a world federa- 
tion. These broader human aggregations are made possible by the unique human ability 
for abstract thinking and communication in symbolic terms— language. By such com- 
munication men learned to recognize, in an impersonal way, the rclatcdncss of all man- 
kind. These unique recognition qualities in man have a structural basis in ins nervous 
system. Primitive animals and primitive functions in liighcr animals are controlled by 
the autonomic nervous system concerned primarily with adjustment between organs 
within the individuals; the higlicr functions in the more evolved animals are controlled 
by the central nervous system, especially by the brain and more particularly by the fore- 
brain, the cerebral cortex, concerned witli adjustment of the organisms as a whole to 
distant environment. The development of the brain readied enormous proportions in 
man with correspondingly far-reaching recognition qualities. The brain weight (by 
no means the only index of high development) in a 150-lb man is over three pounds, 
whereas that in 1500-Ib cattle is less than one pound (Ch. 17). Indeed, with the cxccp- 
ion of the whale and elephant, man has the largest absolute brain. (Fig. 10.1), 
The extraordinary brain development in man and his unique abstract or symbolic 
method of communication and preservation of accumulated knowledge, introduced a 
new factor in evolution, not dependent exclusively on genetic modification. The 
genetic make-up of man is certainly the same today as it was 200 years ago— and perhaps 
20,000 years ago— and yet what transformations have occurred in human life, due to 
the development of science! Indeed, the automobile, telephone, electric light, radio, 
hydroelectric power, airplane, submarine, bombers, poison gases, not to speak of the 
gang plow and tractor, cream separator, combine harvester, chemical fertilizers, immune 
sera anti-toxins, prefabricated houses, and so on, developed within the writer’s memory. 
The evolution and integration of human society has thus become disengaged from 
genetic change, although it may lead to purposm genetic change. The future course 
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of tho evolution of man is in the hands of man himself, and it is difficult to predict what 
he will do with himself. 

Ilis future becomes ever more unpredictable by the very development of his abstract 
methods of thinking and communicating and by his science and invention. Thus an 
al>stract idea, perhaps biologically destructive and therefore humanly senseless, if 
rationalized in words which appeal to emotional residues, may precipitate a world war 
and all but destroy man and his works. World War I is said to have cost in goods the 
eciuivalent of 3-10 billion dollars and some 33 million human lives i^ military and civilian 
casualties. The present better and bigger World War II, it is estimated, will cost at 
least the equivalent of 1000 billion dollars in goods and 50 million in military and civilian 
casualties. And who can predict what the third world war will cost and whether human 
society will react to these changes "so as to bring itself to normal”? 

This calls attention to a curious characteristic of the average man: that while he 
thinks himself logical enough to have "common sense”, he is often devoid of it. It 



BODY WEIGHT, KGS. 

Fig. 10.1 The relation between the average brain weight of mature man and of the 
average brain weight of mature mammals of other non-anthropoid species ranging from 
mice to whales. Man’s brain weight is almost as large as the elephant’s. 


took not the "common sense” of tlie average, but the uncommon sense of the rare “im- 
practical” scientist to demonstrate that the earth is not flat, and so on for nearly every 
astronomic and other scientific discovery. Words, or language, may be used for illogical 
as well as for logical ends. This is generally known to psychologists. 

Most of us are, indeed, familiar with "psychologic warfare”, the "war of nerves , 
and with the concept of "rationalization”. Like other human inventions, language may 
be used for good or evil, for healing or for wounding, for peace or for war^°‘ . 

For psychology and propaganda as war weapons, see among others, 

“The Psychology of Social Movements,-; New York 1941 Pope A. P (Ch«^ 
“German Psychological Warfare,” Committee for National Morale 51 E. 42 nd bt , JNew 
York 1941. Hacket, F., “What Mein Kampf means for America,” New York 1941 • 
There is a growing literature on non-logical thinking. For the most olabor 
on non-logical patterns of human action, one which may have encouraged the rise 
Fascism .and Nazism, see Vilfredo Pareto, “Trait6 de sociologie g6n6rale, Pans 19^- 
or pTreto, V., “The mind and society,” New York, 1935. For more recent books see 
Long others Korzybski, A.. “Science and Sanity.” The Science Press, 1933, Baynes, 
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Social homeostasis in man, ns it relates ti> tlie halanee between peaee arul war, appears 
to be roughly as follows*^-^®. Animal evolution, including that of man, involves two 
opposing drives: (1) an egoistic (strutting, fighting, various “i>ecking-ord(‘r.s”‘^^ and 
other forms of egocentric self-aggrandizement) aiul (2) an altrviistic (sex. parenthood, 
family, flock, herd, tribe, clan, nation, and perhaps supernation, and other forms of 
sociocentric activity). 

Alice®* and colleagues® emphasized the relatively greater altruistic than egoistic 
drives in evolution; otherwise the more higldy evolved animals and animal societies 
could not have evolved because the animals would liave destroyed eacl» other untier the 
compulsion of the self-aggrandizement drive. This may have oeeurretl in .some species 
that developed particularly effective figliting weapons (as saher teeth in tht* saher-tooth 
tiger), and this may bo the ease in eontemiiorary man with his seitMitifie weapons®'’. 

Paralleling the development of man’s increasing powers for (h'structive warfare, 
as a result of his thinking on ai)stract levels, there also developed in all human civiliza- 
tions a unique altruistic power on an abstract levt'l, one wliieh goes under tlic general 
name of “religion”. Omitting for the present purpose the ritual and supernatural as- 
pects of religion (without, however, minimizing their importance as carriers of altruistic 
action), its basic features are humility, counteracting the strutting and related self- 
aggrandizement drives, and neighborliness or the Golden Rule, counteracting the fight- 
ing and related pugnacious drives. 

These two basic features of all religions, no matter liow worded, are generally accepted 
not only by tlic leaders of conventional religious se{-ts but also l)y philosophers and 
biologists who have outgrown the stage of so-called conflict between sei<'ne(' and reli- 
gion®<. In brief, it appears that religion is a social homeostatic phenomenon evolved on 
a characteristically human level of symbolic thought, as \\ar is evolved on a character- 
istically human level of abstraction. This homeostatic mechanism, religion, has not 
been functioning well in recent years, and it is suggested that it be investigated on the 
characteristically human level, scientifically, to sot it aright, so as to serve its function 
in keeping in check destructive forces in tlie form of world wars. The greatest imme- 
diate need seems to be the development of methods for selecting leaders who will utilize 
the tools of science, which grow cumulatively ever more powerful, for peaceful construc- 
tion rather than for warlike destruction. 

10.10: Notes on organismic or field theory and on research methods. The 
living body's building stones, the electrons, protons, atoms, and molecules, 
are no different from those in non-living systems. But in virtue of its peculiar 



ford Press, 1935. Schiller, . ,, uiio 

P. W., “The logic of modern physics,” Macmillan, 1932. 

** Allee, W. C., Science, 97, 517 (1943). -i i r *i • 

« Phnrlps F “You chcmists arc more or less responsible for this war , 

Chem Td Enl News of iheA.C.S., 21 . ...... , 

"AN Whitehead philosopher and matliematician, writes: “hcicnce is eoneerned 
with the conditions which regulate physical phenomena, whereas religion contemplates 
moral and aestS values. On one side there is the law of gravitation; on the otl.er, 
the contempEn ^ the beauty of holiness”. W C Alice a biologist, states; “To me 
‘God’ is a name for the personification of all the be.st that the human race has been 
able to think and do and of all the beauty we have erected, together with idl the natural 

beauty we can appreciate; and religion as . . . unselhsh living and honest thinking. . . . 

To the author*' religion seems best defined by; the consecrated devotion to the values 
and/or to the faiths which seem to promote the best interest of humanity. 
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organization tlio onjanitim as a ulwle is in a different category from that of 
non-living systems®\ In general, the biological form of order is different 
from those found in non-l>iologic systems — “it is a new dialectic order”®®. 

The organismic or field h_\'iiothesis in l)iology®' is similar in intent to the 
fi(>ld theory of the newer physics. Just as the “field” in physics is an electro- 
magnetic integrative process, so the “field” in biology is an integrative process 
binding the many compomaits into a whole, perhaps at different levels (Ch. 
17). The characteristic of the field pallern as defined by fVeiss is that it 
tends to be restored on disturbance, which is also the definition of homeostasis. 

The existence of a stable field pattern during growth and development may 
be demonstrated experimentally. It was pointed out (Chs. 7 and 16) that 
an egg, or even a gastriila, may be divided into several parts, and that each 
part may develop into a complete individual. This indicates that the destinies 
of the parts of the embr>'o are also shaped by the environment, and by the 
field pattern which restores itself after being cut up into parts. This was 
substantiated in another waj- by Spemann, who demonstrated that prior to 
the gastrula stage head formation may be induced in either head or tail region 
under the influence of a hormone-like head organizer, or under the influence 
of another field, by transplantation (sec Sect. 7.8.2). 

In a later stage, however, tissues no longer respond indiscriminately to 
organizers ; each tissue de^’elops a characteristic response, and the formation of 
head or tail depends not only on the nature of the organizer, but also on that 
of the tissue competence, d'hus, at fii'st, an>' part of the neurula could develop 
gills; later only a special gill area is capable of developing gills. 

These ideas on individual (ontogenetic) loss of plasticity with advancing 
age may be extended to species (phylogenetic) loss of plasticity with ad- 
vancing evolution. Primitive organisms have greater potentialities for 
diversification than more evolved forms; a given species is such not because 
it was evolved from a given evolutionary predecessor but because, in addition 
to the proper potentialities of the piedcccssor for the given type of evolution, 
the predecessors were subjected to environmental influences and field struc- 
tures which acted as “evocators” or “organizers” for the given evolutionary 
course of the species (see Sect. 7.8.1). 

As growth proceeds and the t issues and organs become ever more specialized, 
they necessarily become further separated from one another in space and time 
because of the differential rate of aging of tissues and organs. _ The various 
specialized organs aie, however, closely integrated by organismic devices, 

such as the nervous, circulatory, endocrine and other systems. 

What was said about ontogenetic specialization and spatial separation is 
applicable to phylogenetic specialization and spatial separation, with con- 

Frank, L. K., Philosophy of SciencCy 2, 210 (1^35). 

88 Needham, J., “Order and life,’* New Haven, 1936. ^ „ 

Burr H. S., and Northrop, F. S. C., “The electro-dynamic theory of life, Quart. 

Rev. Biol., 10 , 322 (1935); Growth, 1 , 78 (1937). 
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sequent greater need of integration i)y increasingly complex organismic 
devices. 

Schmalhausen®* remarked that tin' grcatei' the degree of specialization of 
parts of an organism, the greater the degree' of their interdeijciulcnce' and the 
higher the integration level. High specialization of structures and functions 
must necessarily be associated with high organismic integration if the or- 
ganism is to survive. The same idea was exi)r('sscd by many other-s. 

Since a highly specialized organism is a closely interrelated fic'ld-structure, 
it follows that when a tissue, cell, or molecule is removed from its field, it no 
longer exhibits its normal “organismic” characteristic.s''\ ('onsetiuently, tin- 
usual method of experimental investigation of growth is in a sense artificial 
because it separates the unified growth jn-ocess. Kxperimentally, howe\ei-, 
the whole is often best apirroached through a study of its parts. The stud\- 
of parts often leads to valuable intellectual syntheses of tlu- whole*'-’. Such, 
in fact, is the history of many .scientific syntheses. The configuration of the 
atom as a whole was learned by splitting it into parts. 'I'he di.sco\('ry of 
many vitamins and hormones and of their interrelations was accompli.shed 
in some re.spects by artificial “split-field” methods. The “split-field” method 
of research may be philosof)hically objectionable, but in practice it is unax oid- 

able. 

Other methodological problems have la-en rai.sed since the development of 
the field, organismic, and relativity concepts, indicated by the following 

illustrations. 

One of these is known as the principle of uncertainty or indeterminancy 
formulated by Heisenberg”^ in 1926, to the effect that the observed system 
is altered by the observation of the observer. 

This Heisenberg Principle was formulated for small-scale (e.g., motion of 
electron) events. To illustrate, an electron is observed with the aid of the 
light of another electron. This light influences to an unknown extent the 
behavior of the observed electron, so that it is impossible to observe a given 
electron unaffected by the observation light. That is to say, the observer 
is a part of the observed system, and the measured object is altered by the act 

of measurement itself. 

This principle, based on small-.scale observations, may be extended to large- 
scale observations whenever the act of observation alters the measured object. 
Thus it is not possible to determine the precise chemical constitution of a 
living cell, inasmuch as the attempt of the observer to obserx-e the cell (by 
chemical analysis) alters the observed system (by killing it). Of course, 
this is rather an extreme example. 

The application of Heisenberg’s deductions from small-scale events (elec- 

•• Schmalhausen, I., Quart. Reu.BioL, 14, 65 (193!)). 

** C/ Hopkins, F. G., SciencCp 78, 21J (1933). 

HniaAnhnrir W “The physical principles of quantum theory,” Univ. Chicago 
Press, im cfomp ton, A I^, “The freedom of man,” New Haven, 1935. 
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ti'ons, protons) to large-scale events may be illustrated more cogently by exam- 
ples from ('omptou'*^ and Lillie'*. Nerve impulses, electrochemical in nature, 
ar(? small-scale events, as, fur example, those resulting from the impingement 
of light protons on the eye. The organism acts as a powerful amplifier which 
sets in motion large-scale events. Consequently, the large-scale end-result 
mav have uncertainties of the same order as tlie small-scale events. 

While the behavior of small-scale events at a given moment is not definitely 
determined, it obeys the laws of probability. “The quantities which appear in 
its [quantum mechanics] laws make no claim to describe physical reality but 
only the prol)ability of the appearance of a particular event” (Einstein). 
This generalization is in a sense applicable to all measurements and predic- 
tions, which is one reason for the use of statistical methods in the analysis 
of experimental data. 


Large-scale uniformities, wliieli constitute the subject matter of scientific laws, may 
be considered as statistical averages of small-scale or “atomic” diversities. Thus, 
while it is not possible to predict individual durations of life, yet. judging by the practi- 
cal success of life insurance companies, it is possible to predict the average expectation 
of life. Tlie immense j)ractical success of science and industry based on scientific laws 
testifies to the average orderliness of events. In view of this evident orderliness, the 
following uiiqualified opinion'^ seems misleading. “The universe is . . . without unity, 
without continuity, without coherence or orderliness .... Order, unity, and continuity 


are human inventions just ns truly as arc catalogs and encyclopedias .... Such order- 
liness as we appear to find . . . seems to be due to our passion for pigeon holes, and it is 
quite doubtful whether there arc such things as laws of nature”. The view that the 
world is an interrelated dynamic configuration seems more reasonable. Perhaps the 
following remark by Hyman Levy re[)rcsents more nearly the situation: “The world 
is an enormous interrelated dynamic muddle with intermittent patches of order and 


sanity”. 


The problem of uncertainty discussed above leads to the problem of the 
methodology of mathematical analysis of experimental data. 

Now mathematics has two aspects: theoretical, not dependent on reality, 
and applied, which is very real indeed. The two aspects are illustrated by the 

following quotations and discussions. 


“Mathematics is not science; it is not nature, unless it be in the nature of the mind; 
it is not concerned with the truth but only with the exactness of the deductive process. 
Is the formula 50 X 2 = 100 true or false? The answer depends on circumstances. It 
is true when applied, for example, to 50 apples in one basket and 50 in another It is 
debatable wlicn applied, for example, to temperature: 100® C is hardly twice 50° C”.— 


E. Bidwell Wilson. 

“Mathematics is a natural science ... it has its origin in the objective world, of which 
it studies the spatial and numerical aspects. The law that 2 X 2 = 4 is not only a aw 
on paper, but as a mathematical law expresses relations in objective reality, like e 
law that 'hydrogen and oxygen form water under proper conditions”.-D. J- Struik. 


71 Lillie, R., defence, 46, 139 (19^). 

72 Russell, Bertrand, “What I believe,’ Nation, p. 412, 1940 
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“One cannot escape the feeling that matliematieal formulas have an independent 
existence and an intelliKeiice of tlieir own . . . that we get more out of them than was 
originally put into tliem’*.— Heinrieli Hertz. 

“One tries ... to employ numerical discourse . . . because of tlie stock of ready- 
made devices and calculations whioli wore accumulatiHl in the pursuit of mathematics”. 
— Leonard Bloomfield. 

For our purposes, the usefulness of matliematics consists in its operational con- 
venience. Mathematics is a lever, ns it were, by the use of which unwicldly masses of 
experimental data are lifted into analytic view. The tremendous progre.ss of the physi- 
cal sciences in general and of engineering in particular since the Renaissance is in large 
measure due to applications of the analytic mathem.atical nicthods developed during 
this period. These methods should also prove fruitful in the investigation of motions 
of biological phenomena, such as growth. 

The operational advantages and disadvantages of mathematics arc tmt unlike those 
of symbolic logic'^ Both have the advantages of simplicity, ‘'purity”, and isolation. 
But the advantages of generality, simplicity, purity, and isolation are also dis- 
advantages. A symbolic language isolated from the material world cannot fully repre- 
sent the complex phenomenal interrelationship of tlie material world, although it is 
probable, as indicated, for example, by the groupings of matrix algebra, that the sym- 
bolic language of mathematics and logic will develop a broadcT adcciuacy reflecting 
physical reality to a greater extent. Regardless, thcn'fore. of tlm technical rehneinents 
of a mathematical result, its representation of a situation is necessarily inadeciuate and 
over-simplified, and must be interpreted in the light of wliat is called “common sense”, 

that is, judgment in the light of experience. 

In connection with the widespread application of the mechanical rules of statistics 
to biology, Wilsorri^ writes: “I say beware of the mere formal application of probable 
error to meager statistical material. Your conelusions will almost certainly be wrong. 
The statistical method, like other methods, is not a substitute for, hut a humble aid to 
the formation of a scientific judgment. Only witli this philosopliy in mind may we 
truly hope, with care, to avoid in the main being classc<l in the superlative category of 
that oft-cited sequence of liars, damned liars, and statisticians! 

Sets of observations, for example, basal metabolism and body weight (Chs. 13 to 15), 
are usually related to each other by some equation. Tlic equation may be empirical or 
rational. There are many degrees of rationality, but the constants of the rational 
equation should at least have definitness of meaning. A potential series, such as K = 
a bX cX^ -h dX^ . . ., is not rational because (1) any continuous set of observations 
can be represented by such a scries if enough terms are chosen, and (2) if one of the 
terms of the series is omitted, the remaining constants assume different numerical values. 
This type of equation is, therefore, ambiguous because its terms have no definite, con- 
stant, meaning. 

An empiric equation, then, may have description value, but docs not represent a 
uniformity of nature. A rational equation, such as the gas law PV = N RT, or the gravi- 
tational equation F = represents a certain concept of the phenomenon, 

perhaps idealized, that is, undisturbed by lesser causes, the constants of which are 
unambiguously defined. Rational equations often represent the data with less precision 
than empiric, because of their idealization. On the other hand, a prediction bused on a 
rational equation is more reliable. The distinguishing feature of tlie rational equation 

’* Cf Neurath Bohr, Dewey, Uusscll, Carnap and Morris, “International Encyclo- 
pedia of Unified Science. Foundations of the Unity of Science”, Vol. 1, No. 1, Uni- 
versity of Chicago Press, 1939. Woodger, J. H., “The technique of theory construc- 

WiUon)El'Bl A', Icience, 80, 193 (1934) ; 68,93 (1923) ; 63, 289 (1926) ; 66,581 (1927). 
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is not that it represents date witli ureat precision. Imt tliat it re[>re.sents or intends to 

represent a nnii<>rinit\' or la\s ol natiiie. 

r.Cluatioii.s fre.iueiitlv liave l.roa.ler .sieni lira nee tliai> the author believes them to 

liave so that tliev can repncseiit with ('fpial taeility ipiite different, even contradictory, 
theories likewise, different tyi)es of equations may often represent the same phe- 
nomenon. 'I'liere is. tlmrefore. no divi.iine line l)etweeii rational and empiric equations 

except in the author’s com ept 

In the last analysi.s. mathematical representations are oversimplified mathematical 
models only partial descriptions of a limited portion of a loiiR chain of interrelated 
events, rather than explanations. This is .hie to the discrepancy between the neces- 
sarily idealized nature of the assumiitions for mathematical representation on the 
one hand and the eomplexitv of the" fiehl” or the process on the other. A mathematical 
equation rei.resents an isolated relationship while reality is organismic, with complex 
murn-dimensional ramifications. Hationalisni and empirieism are, therefore, relative 

terms descriptive of the spirit of the inve.stigator. 

Empiric eipiations are useful for condensing unwieldy tables into a brief formula, for 

codification {c.g.. formulating growth standards), classifications (e.g., with regard to 
rate of growth and development, variability, correlation, etc.), but not for predicting 
outside the observed limits. Agriculturists are familiar with the practical usefulness 
of age and other time "standards" of physical growth, milk production, egg production, 
wool production, fertility, life expectancy, and soon. 

10.11: Summary. 'J'his chaiitor is fonceined with a very general principle 
in liiology, designated "homeostasis” by C’annon, which may be called the 
principle of Claiidt' Bernard for living systems analogous to the principle of 

Le C'hatelier for non-livii>g systems. 

Homeostasis, or the principle of Claude Bernard, refers to the regulatory 
mechanisms which maintain constant the “internal environment” of the or- 
ganism in the face of changing conditions. Thus the body temperature of 
man remains constant although the external environmental temperature 
may range from OT to 100°F; high-milking dairy cows gain (from the feed) 
or lose (into the milk) colossal amounts of minerals, proteins, carbohydrates, 
and water, yet maintain constant the concentration of these nutrients in the 

blood; and so on. 

Homeostasis is the major manifestation of what is sometimes referred to 
as the “field” formulated by the “organismic theory” in biology. “Field 
refers to the totality of the interactions in the living system with the environ- 
ment, internal and external. The living field pattern of the biologist is anal- 
ogous to the eledromagnclic jield pattern of the physicist. The behavior o 
the bodily constituents is determined by the living field structure as a whoe 
in the same sense as the behavior of iron filings or of electric events is deter- 
mined by the electromagnetic field structure as a whole. This living hel 
pattern has a certain dynamic stability, that is, it tends to restore itself to 

“normal” by many organismic or homeostatic devices. 

These concepts of field, organism, and especially homeostasis, were extended 

to societies of organisms, especially to their ever finer social integration m the 

course of evolution ; and to certain philosophic aspects in sociology and socia 
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evolution. Human society is apparently in the throes of a. transition period 
due to the unbalanced develoinnent of t(‘chiii(|ues, (liseusse<l in the text 

(also in Ch. 25). 

The concepts of field and homeostasis invalidate the concept ol “cause” as 
a one-sided action. Thus many endocrines an* stimulated to activity !>y the 
pituitary (tropic hormones). But tliis is not one-sided; the p;lands which 
are controlled by the pituitary also control the pituitary, dhe interrelation 
is mutual. Moreover, the pituitary is, itself, a i)art of the total functioning 
organism, and can function only as the organism keeps it so. Similarly in 
other realms; high government expenses “cause” liigh taxes; and high taxes 
“cause” high government expenses. The interrelation is mutual. 

The field concepts of living and non-living systems ma\' l)e integrated into 
a more general field concept. There is no sharp di\ iding line l)etwcen living 
and non-living, but they function at different le^'els, just as within the living 
category, there are many different levels of organization and function. 

The narrow border between living and non-living, at its limit, is indicated 
by the fact that crystalline protein (“non-living”) prepared from tobacco- 
mosaic virus has the ability to proprogatc itself (“living”)^^. The bacterio- 
phage’® is in the same category. 

During growth and development the “field” is thought of as an integrative 
prcccs 5 which organizes the diver.se elements into an integrated unit. Ihe 
structure has many categories^atoms, ions, molecules, cells, organs, organ 
systems; but these structures, at different levels of complexity, function to- 
gether harmoniously as part of the “field”. The living field is stable, yet its 
stability is not static but dynamic. Thus protoplasm is chemically very 
unstable, but an organism like a man may function in the same iccognizable 
individual form for a century. The individual atoms and molecules are 
undergoing continuous change, but the pattein, the field , lemains until a 
limiting homeostatic mechanism breaks do^^n and the organism dies. 

The principle of homeostasis is illustrated in the text by many examples, 
earthy and theoretical. Indeed every chapter in this book is an illustration 
of this principle. It is an extremely useful one in biolog>' ; like the theory of 
evolution, it binds scattered facts, apparently unrelated and confusing, into 

a sane whole. 

General comments are presented on the use of mathematics in biology, with 
special reference to the relative significance of i ational and empirical cejuations. 

" Vinson, C. G., Bol. Gaz., 87 (ip); Phi/lopalholo^, 065 (1932); UnivMissouri 
Aer Exd Sta Res Bull , 237, 1936. Stanley, W. M., Science, 81, 644 (1935). 

" D’jSerrelle, F., “Bacteriophage and its behavior”, Baltimore, Md., 1926. 



Chapter 11 

Homeothermy, Temperature in Life Processes, and 

Productive Efficiency 


Uniformity of the internal environment is the condition for free and 
independent life. Claude Bernard 

Homoiothermieity . . . was bound to arise in . , . animal life tending to 
free itself from the domination of the inorganic. Joseph Needham 


11.1: Introduction. Feathcis, fur, and hair, which one phase of animal 
luisbandry cultivates, ser^•e tlie animal wearer in essentially the same way as 
they later do the human wearer. They are aspects of physical temperature- 
regulation in warm-blooded animals or liomcotlienns . Homeotherms also 
employ chemical' temperature-regulating mechanisms, involving metabolic 


changes, to keep the body temperature constant. 

The larger homeotherm finds no need of an annual migration to avoid reas- 
onably low temperature. Many small homeotheims, especially small birds, 
migrate seasonally because they have a relatively larger surface area in com- 
parison to body weight than do large animals and heat loss is proportional to 
surface area (Chs. 13, 17). The geographic distribution of animals is thus 
dependent on body size, that is, on the ratio of surface area to body weight, 
and on other factors. Geographic distribution, efficiency, and profitableness 
of farm animals of different size is likewise dependent on temperature and 


other geographic conditions. 

Cold-blooded animals, or poikilothcnns, whose body temperature fluctuates 
with that of the environment, are evidently more dependent on outside tem- 
perature than homeotherms. AVhile the rate of living of homeotherms is 
approximately the same throughout the year, that of poikilotherms varies 
with latitude and temperature (Ch. 8). When the environmental tempera- 
ture falls to freezing, their body cells freeze, causing death. Small poikilo- 
therms, therefore, descend below the frost line seasonally, to the lowerdepths 
of water, mud, or soil or, like some insects, migrate to warmer climates. 


or to interior; layers oi lai lor insuiauuu — -.-o • 

warm sun, for cool shade, etc. Chemical temperature r^K;»lation: changing 

rate by various devices, such as shivering, changing muscle tension, increased adrenaline 

and thyroxine production, and so on. 


264 
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Poikilothcrms which cannot tluis migrate often perisli. Some very small 
poikilotherms desiccate and encapsulate for protection. 

The disappearance of the great reptiles in the Cretaceous and Eocene periods 
is often attributed to unusual temperature changes which permitted homeo- 
therms, but not poikilotherms, to survive. Strange as it may seem, some 
homeotherms (the sweating species) also stand higher temperature better 
than some poikilotherms. 

Homeothermy has many aspects, theoretical, agricultural and engineering. 
The theoretical aspect is concerned with homeothermic mechanisms; the 
agricultural, with the influence of en\ ironmental temperature and humidity 
on productivities and efficiencies of farm animals; the engineering, with 
ventilation, heating and cooling (air conditioning). We shall discuss each of 
these ; the theoretical and numerical discussions are presented in small type, 
the practical and general in large tyj)e. 


Homeotherms may be divided into several classes according to body temiicrature.^ 
which ranges from about 36° C (96° F) in elephants to about 43° C (109° F) in small birds. 
In general, the rectal temperature of mamm.als is about 38 0 (100 F) and of birds, 4 C 
higher, namely, 42 to 43° C (107-109° F). It is, however, about 37° C (98.6° F) in man. 
Typical rectal temperatures: cattle 101° F (38.5° C), horses 100 F (38 C), sheep 103 F 
(39° C), goats 104° F (40° C), swine 103° F (39° C), cat and dog 101.5° F (38.6° C), rabbit 
103° F (39.5° C), chickens 107.1° F (41.7° C), goose 105° F (40.8° C), dove 41.8° C, rat 
37.3° C, elephant 35.9° C, marmoset 37° C. 

Rectal temperature classes: 

36-38° C (Be-lOl"* F): men, monkeys, mules, asses, horses, rats and mice, 

elephants. 

38-40° C (100-103° F): cattle, sheep, goats, clogs, cats, rabbits, pigs. 

40 - 41 ° C (104-106° F): turkey, goose, duck, owl, pelican, vulture, bittern. 

42 - 43 ° C (107-109° F): fowl, pigeon, turkey, quail, partridge, pheasant, English 

sparrow, bluejay, starling, bobwhite. 


The higher mammals and birds are very sensitive to temperature increase in the 
body; a rise of only 3® C (5.4® F) above normal for some time in the adult may be fatal. 

The young arc less sensitive. 

The body temperature of chicks rises from about 39® C (103® F) the first day, through 
40° C (104° F) the second day, 41® C (106® F) the third day, exact temperature depending 

on time of day measured (Fig. 11.5B). 

When fowl eggs arc incubated at 37.8® C (100® F) their temperature begins to rise by 
the sixth day— reaching about 40® C (104® F) by the eighteenth day of incubation.* 
Egg temperatures of wild birds under natural incubation conditions are, on the 
average, 34® C (93® F), being 33.6® C for passerine birds, and 36.4® C for galliforms. A 


* Interestine references: Gerstell, R., and Long, W. H., “Physiological variations in 

wild turkevB’'^Pennsylvania Game Commission Res. Bull. 2, Harrisburg (1939). Bald- 

in S P ind Kendeigh. S. C., “Temperature of birds”, ScL Pub. Cleveland Museum 

'alural Hislorv Vol 3^ 1932. Pearse, A. H., and Hall, F. G., “Ilomoiothermism— the 
atnrat voi. o, looe T.om..rftiiv w v nnri Huff T? 


Win 

Natural 


origin of warm-blooded '* 

“Body temperature in the ‘^bick, iSci., 18, 70 (1939). Benedict, F, G., Car- 

ncffie Inftt of Washington Pub . 503, p. 63. Lee, A. C., ‘Temperature of the rabbit,” 

Am. J 12r521 0^ Dukes, H. H., “Physiology of domestic animals,” Com- 


Btock, Ithaca, 1942. 

* Romanoff’, A. L., Science, 94, 218 (1941) 
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mallard nost with ISc^gs showed a difToreiiee of 12'^ C (22'’ F) between an eg^ in the center 
of the nest and one at the outer (alge.* 

Some animals ar(‘ int<'rmediato between homeotlierms and |>oikilotherms. Thus^ 
the duckbill and Australian antt'atcus not only havt* the ndatively averajre low body 
temperature of 25° C (77° F). hut tlieir body temperature changes by about 10° C with 
an environmental temperature ciiange of 30° ('. 


11.2: Relative productivities and efficiencies of homeothenns and poikilo- 
therms. In poikilothernis the spood of th(^ life processes, such as feeding, 
growth, metabolism, aging, etc., i?icreascs with temperature up to a certain 
limit (depending on species) in accordance with the \"an’t Hoff law, just as 
the speed of inanimate reactions does. Since temperature probably affects 
the anabolic (producti\e) and catabolic (destructive, maintenance, aging) 
processes to an equal degree, the gross or overall energetic efficiency of the 
transformations is likely to remain unchanged, liy the same reasoning, if 
all other conditions are ocpial, the gross energetic efficiency is likely to be the 
same in poikilothernis and homeothenns in spite of enormous body tempera- 
ture and energy-metabolism differences. This is illustrated by Table 11.1 


Table 11. 1. — Time and inaintcmince energy expended for doubling body weight in 
homeothenns and poikilothernis. Data rearranged from Rubner.® 


Doubling Body Wi. 

Body Weight (gms) 

Time required to double 
body \vt. (days) 

Maintenance energy expended 
(Metabolism) (Cals) 

Cat 

Dog 

Fish 

(Pike) 

Cat 

Dog 

Fish 

Cat 

Dog 

Fish 

“Birth Wt” 

87 

Mi|| 






1 


1 

174 


140 

8 

10 


3200 

■MM 

3300 

2 

348 

900 

280 

12 

13 


4000 


2350 


which shows that both maintenance cost and growth rate are enormously 
higher in warm-blooded animals (cat, dog) than in cold-blooded (Pike), with 
the net result that efficiency is apparently the same in both. 

The following data by Barthelemy and Bonnet,^ cited by Needham, on frog^s eggs 
up to disappearance of external gills confirm the above conclusion based on Rubner’s 

data. 


Temperature 

(“C) 

9 

11 

14 

21 


Development time 
(days) 

30 

22 

20 

8 


Gross efficiency 
(%) 

75 

73 

75 

75 


Rahn* estimated that the maximal efficiency of energy utilization in growth is of the 
jame order in the vertebrates, insects, and bacteria studied (see, however, Ch. 3). 

< Huggins, R. A., Proc. Am. Soc. Zool (1939), 39th (Columbus) meeting 
^ Martin, C. J., “Respiratory exchange in monotremes and marsupials, Trans, rmi. 

Soc. London, 196B. 11 (1903). 

» Rubner, M., Biochem. Z., 148, 222 (1924); 148, 268 ( 924) 

^ Barthelemy, H., and Bonnet, R., Bull. Soc, Chivi. biol., 8, 1071 (1926). 

* Rahn, 0., Growth, 4, 77 (1940), 
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According to Rahn’s ostiin:iti*s. i»iu‘ t'al. nt food pnulucos tlie following Calorics iti body 
tissue: in pig, 0. '2-0.1; trout. ( MS 0.31; oockroadi, 0,31 0.3"); inoKl, O.oS-0.70; colon 
bacilli, 0.13-0.24; psoudoiuon.adrs. 0.21 0.'J2. 

Tyler® reported for eggs of some marine Invt rtebr.ites. that tlu' total oxygen eon- 
sunted in reaching a given stage of development at difYereiit temperatures (7.5°, 10°, 
12°, 15°, 20°. 22°. 25° Ci was. witli oiu' i‘\eeption. the same within the limits of error of 
the measurements; this oecurred in spite of the fact that the speed of attaining the 
given stage inereased rapidly witli increasing temperature. 

11.3: Temperature coefficients and the Van’t Hoff-Arrhenius equation in 
life processes. A fa.si‘inatiiig branch of l)iolof>;ic iiucstisalion is concerned 
with the search for analogies— even if t!ic>' arc cinpii ical form analogies and 
gross oversimplifications— l)ot ween tin' churaci eristics of given biologic proc- 
esses and th(Ke of some inanimate process, suc-li as that of an inorganic chemi- 
cal reaction. Such analogies introduce order, and arc often suggestive and 
practically usofnl. As part of this type of research a consideralrle literature 
has developed* on the applicability of the \an’t Hoff" aiul .Vrrhenins'- tem- 
perature-coefficient equations, formulated from thermodynamic reasoning for 
simple inorganic systems, on the rate of biologic proces.scs. 

The Van’t Hoff rule in linear ratio form states that (within certain limits) 
the speed of chemical reactions is doubled or tn'bled, that is, increased by 200 
to 300 per cent, for an increase of 10° C or 18° F in temperature, or is increased 


by 20 to 30 per cent for an increase in 1 ( . 

The above statement may be represented by the filiation 


Q 


10 


= - = 2 to 3 

8’i 


(11.1) 


in which Q,o may be called the Van’t Hoff coefficient, and and represent 

the speeds of the process at temperatures I C and (( -|- 10) C. 

Thermodynamic considerations indicate that the Absolute temperature 
scale should be employed and that the relation slmuld be exponential rather 
than linear-ratio. Arrhenius'^, therefore, suggested the equation 


_ .C.2V / 


$2 ~ SiC 


(1L2A) 


in which and Si are the speeds (Arrhenius represented them by the reaction- 
velocity constants, and Ki) at Absolute temperatures T, and T.; e is the 
base of natural logarithms, and the value 2, of course, represents the gas con- 

'"Tyoeb j''Arch Physiol I (1908); Set. Monlhly, 9, 578 (1919), and many 
othpr n«n;r« ’ KanifrA '‘Temncratur und Ixibensvorgiinge,” Berlin, 1915, and Tab. 
other Mat’isse G., Arch, inlernat. de phyxioL, 16. 451 (1921 ). Przibram, H., 

"&5eratur un/TeSoratoren im Tierreiche,”. Wien 1923 Belehradek J Bio . 
Reo.rr 30 (1930). Hoagland, H., "Pacemakers m relation to aspects of behavior , 

Voifn I H “fitudes de dynamique chiniique,” Amsterdam, 1894; Van’t Hoff 
und Shen E : “Studien “ur chemisohen Dynamik," Amsterdam and Leipzig, 1896. 
Mellor, J. W., “Chemical statics and dynamics London, 1915. 

“ Arrhenius, S., Z. Physiol. Chem., 4, 226 (1889). 
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stant R (C’li. 2), In simple inorganic chemistry u is supposed to represent, 
in accordance witli thennodynamic reasoning, the molecular heat of forma- 
tion. In biology u is referred to as tcmpcniture coefficient^ thermal increment^ 
or km\mainre characteristic^^ 

By taking logarithms, In, of (11.2A), \vc have: 


indicating tliat the applicability of this equation to data is easily determined 
by plotting'^ the logarithms of S against the reciprocals of T. Its applic- 
ability can also be tested by soh’ing for u for several temperatures: 



TaTiOnSj - In S,) 


(11. 2C) 


Arrhenius'^ suggested that when — Ti is small, TtT\ is virtually a con- 
stant. Therefore, combining the two constants m/2 and TiTx into one con- 
stant, c, we have: 



(11.3) 

We prefer to write it simply, as 


S = Ae'=‘ 

(11 .4 A) 


in which S is the speed of the process (as of growth, etc.) at ordinary tempera- 
ture ( ; A is an empirical constant (value of S when ( = 0) ; and k is the differ- 
ential increase in relative rate of change (as of growth) for 1° C change in 
temperature. It is evident'^ from equations (11.2C) and (11.4) that u = 

2kTiTi. 


By taking logarithms of (11. 4A), 


In 5 = In A -f kl 


(11.4B) 


The applicability of equation (11.4) to data is proved by the linear distribution on 
arithlog paper, and the value of k is the slope of the curve (times 2.3) of S against t. 
The value of k is 0.07 for a Qio value of 2, meaning that the differential, or instantaneous, 
rate of change in speed, 5, is 7 per cent per T C change in temperature. (The reason 
that the change in speed is 7 per cent for On of 2 and not 10 per cent as given by the 
linear equation (11.1) is explained in Chs. 16 and 17.) This (our) method is under- 
standable, as actual data -arc used, and k is the relative rate, or percentage rate when 
multiplied by 100, of increase in speed of the process per I® C rise in temperature. 


13 Crozier, W. J., J. Gen. Physiol., 7, 129, 189 (1924) 10 , 53 (1926) and other papers m 

this journal; also Proc. iVo(. Acad. <Sci., 10, 461 (192-y. j mic 

Arrhenius, S., “Quantitative laws in Biological Chemistry, London, 1916. 

In Sj — In jSi 

Equation (11.4) may be written A = ‘ 
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For practiciil purposes the \ au’t lluif Q\a rule, etp (1 1.1), oi a slight modi- 
fication, as 

S-: - 5 , 10 

^ -S.) ^ h - t, 

is as good as the \'an’t Ilolt-Airlienius ciiuatioo (11.2) hocauso the maximum 
temperature range in hiology-from 0° C to 10" C'-is relatively insignilicant 
in Absolute-temperature terms; and the temperature range for homcotherms 
is only a few degrees. Moreover, as the centigrade-temperature zero happens 
to coincide with the “ physiological zero”,'' it seems to be the logical one to use. 

Equation (11.2) is not applicable to the entire temperature range 0 to 40° C. 
but only for narrow segments, depending on the species of animal oi lathei, 
perhaps, on the enzyme which happens to be the limiting factor in a gi^•en 
temperature range. Moreover, as the temperature rises, the enzymes begin 
to be injured, that is, they tend to become denatured as proteins do,” with 
the net result that the accelerating effect, of temperature on the speed of the 
limiting process may be counteracted by the inactivating efiect on the limit- 
ing enzyme in the limiting process.'^ The change in speed of the process may, 
therefore, vacillate, or perhaps remain eonstant, for some temperature in- 
terval, and then decline. This may be the explanation of the peeuhar 
“breaks” in the log speed -1/T functions reported by Crozier and others; 
hence the linearity of the functions for narrow segments only, the lengths of 
the segments and' the position of the “break” depending on the nature of the 

limiting enzyme and limiting process. - i . . 

The fact that the speed-temperature curve breaks up into short segments 

reduces the significance of the question as to whether or not the relation is 
linear or exponential because either one can be “fitted equally wel to a 
sufficiently short segment. However, the numerical value of a m the Arrhe- 
nius equation (11.2) or of Qio in equation (11.1) may be significant withm 

appropriate temperature limits. u . 

The above comments on biologic applicability refer to poikilothcims. The 

Van't Hoff-Arrhenius equation is less applicable to homeothermic processes 

because, by definition, homeothermy is a regulation which tends to keep the 

temperature constant in spite of fluctuations in environmental temperature. 

Thus, increasing environmental temperatures does not necessarily mcrease 

metabolism and body temperature, as would be expected from the Van t 

Hoff law; but it may stimulate the operation of (iimnteractmg mechanisms 

i« !/■ fi T nKvKinloEical zero/’ •/. Gch. Physiol,) 3, 6o9 (1921). Edwards, 

r zero and egK development,” Am. J. Physiol., 6, 351 (1001). 

For deveTopin^lenK^ the “phyBiological zero”, at which -development just begins 

IB about C Q “Heat coagulation of protein,” J. Physiol., 40 , 604 

(1910?^43^’/(i9lT) • 46. 61 a’nd 261 (1912), The (A. for denaturation of protein is not 2 
or TbAbout 15 ’ The Q.o for coagulation of egg albumin is several hundred. 
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(increased sweating and vaporization, so as to keep the body temperature 
constant). However, as demonstrated in Section 11.5, the Van’t Hoff rule 
often applies to the coiniteraeting i)rocess, r.f/., to increase in respiration and 



ENVIRONMENTAL TEMPERATURE 

Fig. 11.1. The inlluence of environmental teini)crature on walking speeds of ants (1), 
feeding rate of grasshoppers (2), Orconsuinplion rate of goldfish (3), aging rate(recipro- 
cal of mortality rate) of grasshopi)ors (4), growth rate of grasshoppers (5). The Qio, the 
u values, and equations were fitted by us to data on grasshoppers (by J. R. Parker, Univ. 
Montana Agr. Exp. Sta. Bui. 223, 1930), ants [by H. Shapley, Proc. Nat, Acad, 

204 (1920)1, goldfish jby R. Egg and A. Krogh, Rev. hydrobiologie, 6, 48 (1914)). The 
Qio for growth (5) and feeding (2) is nearly the same, 2.8 and 3, while the Qio for aging (4) 
is only 1.4, meaning that the limiting reactions of the two processes are distinct. The 
Qio of walking ants (1) is 2.1, of Oj consumption in goldfish 2.3. 

perspiration rate with increasing environmental temperature (Figs. 11.7 to 

11 , 10 ). 

Fig. 11.1 illustrates the influence of environmental — and consequently 
body — temperature, within the given limits, on the rates of poikilotherrnic 
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processes, ^rhe liueur ilistril>utinii nl the tlutii nii liu^ unthloji. indiccitis 
that the \’an’t lIutT-Anlieoius ('quatioii is applicable to the given proeesseK. 
Increasing temiH'ratnre by U)'" (' increases: the walking speed ol' ants 2.1 times 
(Qiq 2.1), the metabolic rat(' ol gold lish 2.d tinu'S, the senesceiue late 1.4 
times and the growth and leeding rates ot grasshojipi'rs 2.8 to 3 times. (Note 
that the growth rate is increased twice as much as the sem'seence Kite, a faet 
that mav be of signilicanee in gc'ographit' dilTerenei'S in poptilation density.) 

Summarizing, within rather narrow limits, the speed of biologic processes 
tends to increase with body ti'inperaturc in the same manner as in inanimate 
chemical reactions, 'hhe literature and computational methods are discussed 

briefly. , , . 

11.4: Age changes in homeothermy. As (’annon lias remarked, homeo- 

thermic mechanisms are not required by the ileveloping mammal before 
birth At birth and thereafter, however, survival becomes increasingly con- 
tingent upon the exercise of these mechanisms, and so poikilothermic embryos 

develop into homeothermic adults. , , . i 

An important adaptation to environment is that birth or hatching under 

natural conditions occurs during seasons when the environmental tempera- 
ture is optimal (Ch. 8), thus allowing time for development of homeothermy 
Depending on environmental temperature, the body temperature in children- 
stabilizes (becomes fully homeothermic) between the first and second years; 
in rats- in about three weeks (Fig. 11.5), in domestic fowl and clucks,- in 

three to four weeks (Fig. 11.5), and so on. ‘ 

Since a knowledge of the influence of incubation temperature is important 
in agriculture, w'e investigated the applicability of the Van t Hoff law^to the 
speed of growth of chick embryos at various incubation tempera ores.- Ihe 
results are presented in Figs. 11.2a, 11.2b, and 11.3. Fig. 11.4 plotted 
from data by Romanoff-, indicates the influence of environmental tempera- 
ture on hatchabihty, survivorship after hatching and crippling when incu- 
bated at low non-lethal temperatures. It is evident that caily growth and 
development in the chick can occur only within a very narrow temperature 

zone. 

.,-1 •. V TUnlhniim S and Hoffman, II., Atn. J. Physiol., 119, 48 (193D. 

r* Am 

B., Am. J. Phj/siob, 139 , 230, (1943). Warren, R., “Response of chicks before 

-Pembrey, M. S “erearlem^ J. Physiol., 17, 331 (1894-5); 

and after hatching to of ^ domestic fowl during incubation,” Trans. Roy. 

Simpson, S., Body tomperatu^ Kleiber, M.. and Winchester, C. F., “Temperature 
Soc. Edinburgh, 47, Biol. Med., 31, 158 (1933); 38, 793 (1938); 

Lft!Tpr'"Ret^tS’(1938).' Sclioles, J. C., and Hutt, F. B., Cornell Agr. Exp. 
Sta Memoir 2«,’ 1942^ ^ j Physiol., 11, 349 (1927-28), Pincus, G., 
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The ajie curve of jii’owth in weight of tlic chick embryo (Figs. 11.2 and 11.3) 
:il)i)ca!s to he coini)os(Ml of .sev(Mal segments, and temperature affects each of 
tlios(‘ segments differently. Tlie data appear to follow the Van’t Hoff law 
in the stag(‘s of giowth prc'ceding the normal 13-day stage, when Qio — 2 
to 3. Within tlu' limits of 37° (■ and 41° C, the lower the temperature the 



IncubatiDTi Age 


Fig. 11.2a. Growth of the chick embryo in wet weight at three temperatures 

higher the value of Qio. Following the normal 16-day stage, the speed of 
growth is repressed by both higher and lower temperatures. 

The historically interesting literature on the influence of temperature on the chick 
embryo has been reviewed by Need ham^^, Romanoff and others. A few of these may be 

Needham, J., '^Chemical embryology,” 1931. 
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incubation AGt, days 


FiR 11. -ib. Same as in Fig. 11.2a. but based on UomanolT’s <lata, 

which checks ours in rig. 11 . ia. 



Fig. 11.3. The relation between the 
differential growth rate, A , and tem- 
perature for segments -Y|, X 2 , and A' 3 , 
of the growth curves in Fig. 11.2a. 


t 
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cited. Prcvost and Diiinas-^ tliouj^id that incubation might bo successful between 30* 
and 10° C; Dacrste,^'^ between 35° and 30° V. Peinbrey and dordorP’ suggested that in 
the earliest stages the chi<‘k embryo behaves like a cold-blood(‘d animal; and they were 
also tlie first to observe* that CO,* pi'oduction in {lacks incre:is('s with environmental 
temperature. Rc'cenl contributions are those of Romanoff, Barott,^® Byerly,^® and 
others. 

Age changes in honu'othermy during aging are discussed in Chapter 18. 


11.6: Homeothennic mechanisms. The temperature of the living body, 
like that of an inanimate ol)j(K*l, ttauls to come into heat equilibrium with the 
environmental temperature by conduction, convection, and radiation. 



INCUBATION TtM««ATURf ‘C DURING STATED WEEl 
TEMPERATURE 3TS*C DURING OTHER WEEKS. 

Fig. 11.1. Hatchability of chicken and turkey eggs at different temperatures. The 
optimum temperature is between 36.5 and 37.5° C, or about 97-100° F . Low temperature 

induces crippling. 


Definitions: Heat conduction is a molecular-contact process. Metals conduct heat 
readily; wool, feathers, hair, fat, silk, wood, and air conduct heat poorly. Hence, 
use a metal tea pot but wooden handle, and a ‘hvarm” woolen carpet (full of air pockets) 
on a “cold” metal or concrete floor. The rate of heat conduction is proportiona o 
surface area and to temperature gradient. 

Heat convection is by air movement, as by fanning. 

Heat radiation is by electromagnetic waves at the rate of 186,000 miles per secon , 
in straight lines, without physical contact of bodies. The electromagnetic spectrum 


Prevost, J. L., et Dumas, J. B., Ann. Sci. Nat., 4, 47 (1825). 

2« Daerste, C., iSoc. Sci. Lille. Mem., Ser. 3, 291 (1865). 

27 Peinbrey, M. S., Gordon, M. H., and Warren, R., f ^ipmoir, 

28 Romanoff, A. L., Cornell Univ, Agr. Exp. Sta. Memoir, Poti/(rv 

150, 1933; Id. Bui., 616, 1934; Id. Bul„ 687, 1938; /. ^6, 318 (1935), Pou y 

Sci., 16, 311 (1936); Anal. Rec., 66, 59 (1936); Science,^, pn.brvn ” U S. 

29 Barott, H, G., “Temperature and energy metabolism of the chick embryo, 

^^ 3 ^«^ByedyjT!*'c^^‘‘Incubkio^^ Proc. Fifth World Congress, 2, 373 (1934) 

and other papers. 
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includes waves rangiiin in leiijitli from cosmic rays, only 0.000,1)00,01)0,002 inch 
(or 0.000,000,01 micronl, up tlHouf;h j!;nmma rays. X-rays, (0,001 micron), ultraviolet 
rays (0.1 micron), visible light ray.s fV, B. C. V, ID, heat waves, Hertzian waves (.01 
inch to 120 feet or 10,000 meters), ra.lio waves (120 to 1220 fcetl, wireless telegraphy 
waves (1200 feet to 15 miles), ami so on to hundreds of miles. Heat w.aves from the body 
are infrared waves, ineluding onlv 5 to 20 m (a m is a micron, or a millionth of a meter, or 
a thousandth of a millimeter) in length (•'Blanek’s law”). Heat loss by radiation 
depends, among other factors, on a surface cpiality called (mi.ssn d.v. Highly polished 
metals like copper or aluminum foil l.ave a low emissivity of about 5 per cent as con- 
trasted to 100 per cent emissivity of dead black material, 93 per cent cmi.ssivity of build- 
ing materials (wood, paper, brick), 97 per cent emissivity of skin (white or ‘•colored”). 
This means that if the temperature of the radiatint; body is higlier than of the skin, the 
skin absorbs 97 per cent and reiiects 3 per cent of radiated heat; the reverse oeenrs if the 
skin temperature is above that of the absorl.ing environment, absorption and emission 

being equal. , , • * r ■ 

Several "laws’* of radiation liave been formulated, indieating th:it ladiatioii is 

proportional to; temperature difference, surface area, and emissivity (Newton); surface 

area emissivity, difference between the fourth powers of tl.c absolute temperatures „f 

the radiating body and the absorbing body (Stefan-Boltzmann); profile of projected area n 

(Lambert). Hardy” perfected methods for measuring Iieat radiation from the body . 

It should be remembered in the following discussion that since the homeo- 
therm must maintain its body temperature constant, its heat loss or thcrmol- 
ysis, must equal its heat production, or thcrmogencsis. When the environ- 
ment is hot, the problem is how to dissipate the body heat ; when th(> ein iron- 
ment is cold the problem is how to conserv e the body heat and how to produce 
enough extra heat to keep the body temperature constant despite the un- 

avoidable heat losses. x- - i. 

The loss or gain of heat by radiation, conduction, and convection is not a 

unique characteristic of living bodies, although it is only the li^■ing body that 
moves the blood to or from the surface for the best utilization of these mech- 
anisms The unique features of homcotherms arc (1) conservation of body 
heat-mducing thermolysis-in cold weather by such means as deydoping 
fur, feathers, or subcutaneous fat, huddling as well as liundhng ( social- 
temperature regulation”) in some species, finding shelter, increasing hea 
production by muscular exercise or liy increased production of thyroxine and/ 
or adrenaline, reducing heat conductivity of skm by removing the b ood from 
the surface, and reducing vaporization by decreasing respiration rate and by 
shutting off moisture production by the skin; (2) dissipation of body heat- 
increasing thermolysis-in hot weather by reversing the above processes, by 
reducing the skin covering, moving the blood to the surface for cooling, in- 
creasing vaporization rate by producing more surface moisture, sweat, by 
increasing the respiration rate, and by exposure to moving air (fanning). 

Bohnenkamp H PflUger's Arch. ges. Physiol., 22By 40, 63, 79, 100, 125 (1931); and 
firpeb PM. 84* (ife). This projeaed profile or "effective surface is approxi- 

temperature ** /.C/fn. 7n.., 13, 
m Hardy, and Soderstrom, G. F., Rev. Set. Instruments^ 8, 
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Fif;. 11,5a. Age curves of ileveloiHiient of lioineothcnny (curve 2), body weight (curve 
1) and heat production (curve 3) in rats, witli respect to an environmental temperature 
of’approximately 15° C (50° K). Unpublished chart by E. B. Brody. 



AGE, DAYS 


Fig. 1 1 .5b. Age curves of body temperature in chicks brooded at 28° C and 35° 
curves for the two.temperatures tend to come together wi h mcreasi^^^^^^ 
homeothermic stabilization, poholes andF. B. Ilut^^^ Mpmoir244 1942. 

temperature and resistance to pullorum,” Cornell Univ. Agr. Exp. Sta- Memoir 244, i\H 
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Let us first inspect Figs. ll.G to 11.9 indicating the en\iion 

mental temperature on heat ilissipation by moisture vaporizati™* 


ENVUONMtNTAl TtWP'fRATURt. f 



Fig. 11.6. Inllueiice of environ- 
mental tciuperatviro on the per- 
centages of heat loss by vaporiza- 
tion, convection, and radiation, 
lleat loss shifts from radiation to 
vaporization with rise in tempera- 
ture. 
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Fig 11 7. Influence of environmental heat ^ S 

lE^pV^e^^Nofe^Kr^^^^^^^ -rves at about 85» F or 2S» C. 

It is obvious that if the environmental temperature is the same as that of 
the body, the body cannot lose heat by radiation, conduction, or convection ; 
it must lose it all by vaporization. If the environmental temperature is higher 
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thiiii U\:it of \h/h' body, the liody ul)S()rl)S lioat from tho environment — radia- 
tion, condiieyC)!), and eoiiveetion are reversible processes— and the body must 
dissipate mil only the heat produced by it but also tluit ahxorbcd by it from 
• '■iii’e en\ ironnn'iit . ddus loss can be aehi(‘V('d by only one method, vaporiza- 
tion of moisture, \ aporization is a good cooling method because approxi- 
mately (iOO Ctdories or 2400 Btu of heat are dissipated for each (piart, or liter, 
of moisture' \ a]iorization, and it is not unusual for ti hard-working normal 
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Fig. 11.8. Influence of environmental temperature on the ratio of heat dissipation by 
vaporization to the total heat production (or to the total heat 

arithlog paper (the same data as in Fig. 11.7). Note the break in the curves at about 

85“ F or 28'* C. 

person to lose by vaporization in a hot, dry climate^* three quarts per hour- 
over ten times the basal heat production or four times the heat production 

during hard physical labor. 

The importance of vaporization is brought into dramatic relief by considei- 
ing the plight of unfortunate persons lacking sweat glands’b Ihey are 

“ Adolph, E. F., and Dill, D. B., “Water metabolism in the desert,” Am. J. Physiol., 
lunderman^^^W^, ^Arcfc. M. Med., 67, 709 (1941). 
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obliged to keep their uinlerweur nioivSt to ciuilile them to hear normal summer 
temperature and they are unahh' to work lu'causi^ of rapidly rising l.)ody tem- 
perature on slight exertion. 

Fig. 11.6 shows that as the environmental temixM'ature approaches body 
temperature, heat dissipation is shifted irom radiation, conduction, and con- 
vection to vaporization. There is, however, a striking difference in this re- 



spect between the profusely sweating species, man, and tlic other species 
represented in Figs. 11.7 to 11.9 which are slightly or non-sweating. 

Figs 11 7 to 11.9 show that there is a sharp break in the curve for man at 
temperature 29° C or 84° F (the “critical temperature” for sweating^^ in man 
ia between 27° and 32° C). Up to this temperature vaporization increases 
irregularly, up to 35 per cent of the total heat dissipation; following this 
temperature, there is a very steep but orderly rise, a linear rise on the arithlog 

” Kuno, Y., "The physiology of human respiration,” London, 1934. 
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grid charts (Figs. 11.8 and 11.9), at the differential rate of 15 to 19 per cent 
per 10* C rise in environmental temperature, the Qio being 4.5 to 4.9, or the a, 
28,000 to 35,000. Thirty-five jjer cent of the heat production is dissipated 
by vaporization at 29° C (84° ! ), 100 per cent at 35 -3(1 C (95 -99 F), and 
200 per cent at 40° C (104° F). In other words, at about 100° F all the ther- 
molysis in man is by vaporization; and at 104° h the body absorbs as much 
heat from the environment as it produces, so that thermolysis by vaporization 
is twice the thermogencsis. hen the inhaled temperature is 43 C (1C9 F), 
the exhaled air is 34° C (93° F) : the air is cooletF^ by some 16° F in passing 

through the body. 

The above discussion is for man, a profusely sweating species. The same 
holds true for the burro’^ (donkey or ass), which is also profusch' sweating, 

and perhaps for the hor.se and mule. 

The curve of heat dissipation with increasing environmental temperature is 

cpiite dilTerent in the slightly sw^cating or perhaps non-sweating species, which 
includes the other farm and laboratory animals: cattle, sheep, swine, rabbits, 
rats and mice, cats and dogS'’«. Figs. 11.7 to 11.9 show no break for these 
species at 29° or indeed at any other temperature. Their respiration rate 
goes up enormously, but tliis does not help the animal much above 35°C (95 F). 
The increase in percentage dissipation by vaporization rises slowly, about 10 
per cent per 1° C rise in environmental temperature for mice and 5 to 6 per 
cent for the other species; the Q,o is 3.2 for mice and 1.7 for the other species; 
the w is 17,000 for mice and 10,000 for the other species. This plight of non- 
sweating species in hot weather is evidenced by the fact that under such 
conditions man dissipates only one-third of his heat by vaporization fiom t e 

respiratory passages, two-thirds from the skin. 

The respiration rate in man is relatively independent of temperature. 

There is some tendency toward a lower respiration rate in summer than in 

winter, but this is attributed” to seasonal differences in sunlight rather than 

temperature. , ^ 

In cattle^*, on the other hand, as shown in Fig. 11.10— and this is true 

For the contrasting reactions of dog and man to Imt w®®tber, see 

heat, and altitude,” Harvard University Press, 1938 D'”’ ^21^‘bill DR, Bock, 

Florkin, M., and Campbell, R. W., J, Btol Chem,, ( f2 • D‘ll, 

A. V., and Edwards, II. T., “Mechanisms for dissipatibg heat of man and dog, 

3^Lmdhar(?,^j!^“l^^^^^ periodicity in respiration,” Skand. Arch. Physiol,^ 

KlSbS’M., and Regan, W. M., ‘‘Influence of tempemture on r™ 

Proc. Soc. Exv. Biol, and Med., 33, 10 (1935) Regan end Freeborn S.B ^ 

n, .pr.,, foTfeg S i, »yi- 
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other non-sweating species, such as sheep, swine, clogs, chickens^^- the respira- 
tion rate rises rapidly with increasing en\ ironmental teinperatiii’e to compen- 

ENVIRONMENTAL TEMPERATURE 
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Fig. 11.10. Relative influence of rising environmental temperature on respiration rate, 
pulse rate, rectal temperature in man and cow. 

sate for the inability to sweat, and to increase the vaporization rate from the 
respiratory passages. 

Fig. 11.10 indicates that in cattle the respiration rate is approximately 

Perature. its Measurement and Control in Science and Industry,” Reinhold Pub. Corp., 

1941 . 

‘•Randall, W. C., and Hiestund, W. A., “Panting in chickens,” Am. J . Physiol 
127, 761 (1939). Shelley, W. B., and Hemingway, A., "Thermal polypnea in dogs,” 

Id., U9, 629 (1940). 
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doubled for an increase of 10° (’ (18° F) in the environmental temperature. 
According to the Van’t Hoff law, the speed of a pr(jcess is doul)lcd for an in- 
crease in 10° C in the reacting system ; but for the respiration rate it is doubled 
not for an increase in 10° C in the body, which is the reacting system, but in 
the environment. How shall one who accepts the \’an’t Hoff law explain 
this peculiar type of applicability? It may be that the temperature of the 
thermostatic trigger mechanism varies directly with the environmental tem- 
perature, even though the temperature of the body as a whole is not changed. 
The same explanation may be given for the increase in sweating rate m man 

(Figs. 11.7 to 11.9). 

Fig. 11.10 also contrasts the effect of rising environmental temperature 
on the pulse rate of sweating and non-sweating species^* In sweating 
species, the blood is shunted to the surface where it is cooled by the vaporiza- 
tion of'sweat. The internal blood deficiency resulting therefrom is compen- 
sated by increased pulse rate. In non-sweating species, on the contrary, the 
pulse rate declines with increasing environmental temperature, presumably 
because in the absence of sweat the skin is not cooled. The blood may, there- 
fore, be sent to the interior instead of to the surface, as in the case of sweating 
animals, and the overabundance of blood in the interior with its associated 

O 2 reservoir may depress the pulse rate. 

The contrasting influence of a given high environmental temperature on 

the skin temperatures of sweating and non-sweating animals may be inferred 

from the relative dry- and wet-bulb thermometer readings. In Boulder City, 

Nevada, where a dry-bulb thermometer registered” 40° C and a "’et-bulb 

thermometer read 22° C, the skin of a non-sweating animal probably “felF^’“ 

a temperature near 40° C (104° F) while that of a sweating animal “felt” a 

temperature nearer 22® C (72® F). \ u a 

In cold weather the problem is, of course, to reduce heat loss by such de- 

vices as reducing vaporization (by cutting off sweating), reducing respiration 
rate shunting the blood from the surface to the interior, huddling, and in the 
long swing, producing warm coverings of fur or feather and subcutaneous fat. 
The so-called chemical method of heat regulation consists of mcreasing thermo- 
genesis by exercise, including shivering and muscle tension”, increasmg 

‘0 Hardy, .J. D., and DuBois, E. F.,;‘Basal ‘metabolism, radiation, convection, and 

vaporization at temperatures 22° to 35 Cm ‘mm” ’ i“f^’grn(ometer with the bulb 
‘‘The wet-bulb thermometer is an ordinary mercu lal tnermomeiei wn, 

tightly enclosed in a cloth, .the lower of the c o^^ .SThSting 

deep into water. The vaporization from the "et clot engineer is, indeed, 

19° C (66^ F).) 
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by greater food intake (C'li. 4), and increasing adrenal and thyroid activity, 
adrenaline and thyroxine being i)owerful metabolic accelerators. 



Fig. ll.lla. Diagram of the influence of environmental temperature on heat produc- 
tion and body temperature. 
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Fig. ll.lla. Illustrates Fig. ll-H on a gopher or ground squirrel (a hibernating 

animal). 


The relation between chemical and physical heat regulation is illustrated 
bi Fig. 11,11, in which heat production is plotted against environmental tem- 
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peratviro, modeled somewliat after (’.iaja-'l Temperature segment B-B' in- 
cludes the zone of thcrmoneutrality and also that of physical temperature 
regulation. At thcrmonnitmUhj'\ indicated by .1 in Fig. 11.11, the animal 
does not employ thermoregidatory devices: the environmental temperature is 
perfectly adjusted to keep the body temperature normal without regulation, 
and the animal feels neither hot nor cold. Thermoneutrality is presumably 
in the air-conditioning engineer’s “comlort zone”. Ihe comfort zone for 
man is consklered to be lietween 22'’ and 30° ( or 72 to 85 F. 

Thermogenesis t)egins to increa.se at environmental temperature B' in order 
to balance the increasing thermolysis. At environmental temperature C the 
body temperature begins to decline despite the increasing thermogenesis. 
The temperature-regulating mechanism is no longer able to cope with the cold. 

Fmvironmental temperature D in Fig. 11.11 represents the position at 
which heat production is maximum, the summit metabolism of Giaja”. Fur- 
ther decline in environmental temperature breaks down the homeothermic 
mechanism, and heat production as well as body temperature declines. 

Tlic following tabic, compiled from Giaja’s papers, illustrates the levels of summit 
metabolism, metabolic ciuotient, and thermogenic reserve. These values vary with 


Animal 


Swallow 

Mouse 

Do^ 

White rat 

Love bird 

Quail 

Sparrow 

Finch 

Duck 

Eagle 

Hedgehog 

Goose 

Pigeon 

Fowl 

Rabbit 

Dove 

Turkey 

Guinea pig 



Cal/sq meter I 

Metabolic 

Body weight 
(g) 



quotient 

Basal 

metabolism 

Summit 

metabolism 

(summit/basal 

metabolism) 

19 

1630 

4830 

1 3.0 

18 

1246 

4350 

3.4 

6375 

1000 

3500 

3.5 

114 

839 

3058 

3.6 

30 

1764 

6900 

3.8 

97 

1140 

4658 

3.8 

30 

1274 

5199 

4.0 

13 

1534 

6553 

4.2 

1950 

1047 

5177 

4.9 

3450 

635 

4094 

6.4 

925 

677 

4521 

6.6 


Lowest temperature, at 
which animal can maintain 
normal body temperature 
for I hr. 


•c 


-25 


30 

30 

100 


90 

85 

50 

45 

45 

40 

15 


•F 


-13 


-22 

-22 

-148 


-130 

-121 

-58 

-49 

-49 

-40 

+5 


«Giaia J “La marge de thermog6nese et le quotient m^tabolique 
d^veloDpement embryommirc et de la croissance/' Ann. , 

1 596^0925) “Homdotliermie et thermoregulation, a®® 

industrielles ” Nos. 676 and 577, Paris, (Herman et Cie, 6 rue de la Sorbonne), 19 • 
"Le m^tabolisme de sommet", Rhniion plenierb Soeiktb de btologie tenue less 1 

neutrality, or thermal zero, is the environmental SraL 

he..Tr Sf the b.d/iW' “ 

a^out5^C%’°’F) below the averogt skin temperature, although the temperature 0 e 
feet is nearly the same as of the environment at thermoneutrality. 
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species and size of the animal and with tlic femperaturo to which tlie animal is acclima- 
tized« Thus in rats the metabolic cpiotiont^'^ is 1.3 when it is ncoliinatizcd to 31" C 

2.8 to IS" C, 3.4 tore. 

The above table shows that the thermogenic rcserre. or the thermal adaptability, is 2 
to 3 times as great in the eagle as in the swallow. Immature animals hav'c a smaller 
reserve than mature ones, and Giaja employed tliis metabolic reserve as an index of 
development of the heat-regulating mechanism in early growth, 'hhe homeothermic 
accommodation range (from temperatures /Gand /;in Fig. 11.11) is 130" to 140" Gin ducks 
and geese. 125° C in pigeons, S5° G in rabbits. SO" C’ in doves and larks. 70" to 00° C in 
fowl, 70° C in passerine birds (finches, sparrows, etc.) Go" G in rats, 55° C in guinea pigs. 

On the right, high-temperature, end of the curve in Fig. 11.11, the body temperature 
begins to rise at environmental temperature B. The position of B varies with (1) 
sweating mechanism; (2) relative humidity and air motion; (3) nature of insulation 
(fur, feather, fat); (4) ratio of surface area to weight (a function of size, the larger the 



Fig. 11.12. The influence of acclimatiza- 
tion to a 30°-32° C environment on the 
metabolism of a rat previously housed in a 
16°“20° C environment. 


animal the smaller the surface per unit weight); (5) body temperature; (6) other factors, 
such as acclimatization. Figs. II. 11a and 11.12 illustrate the influence of acclimatiza- 
tion on gopher and rat respectively. In the rat^* the body temperature begins to rise 
at 32° C if acclimatized to -12° C, at 33° C if acclimatized to 12°-18° C, at 35° C if ac- 
climatized to 29°-32° C, 

Herrington^* reported that temperatures B and B\ the temperature limits of thermo- 
neutrality, are 27-29° C (81-84° F) for rats, 2R-30° C (82-87° F) for mice, 29-31° C (84- 


** Giaja, J., and Gclineo, S., “Sur la resistance au froid de quclques homeothermes,” 

Arch, intern. Physiol. ^ 36, 20 (1933). , . , 

^Cf Gelinco, S.. “Influence du milieu thermique d adaptation sur la thermogenese 
des homeothermes,” Ann. Physiol, physicochim. bioL, 10, 1083 (1934). 

^^Gelineo, S.,** Schwabe, H. L., and Griffith, F. U., Jr., “The effect of prolonged 
exposure to low temperature on the basal metabolism of the rat,“ J. Nut., 16, 199 (1938). 

Gelineo S ** Ogle, C., and Mills, C. A., “Animal adaptation to environmental tem- 
perature conditions, 7. F/q/sfol., (1933); 123, 147 (1938). Bazett,H. C., 

J'. 123, 197 (1938). 

« Herrington, L. P., in the book “Temperature , etc., Am. Inst. Physics, Reinhold 
Corp., 1941. 
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88° F) for guinea pigs. However, Swift miJ Forbes^" reported 30-33° C (86-91° F) for 
rats. The difference between Herrington and Swift’s values for rats may be explained 
by differences in: speed of ventilation, humidity, and acclimatization. The tempera- 
ture of thermoneutrality for women (nude) was reported to be« aliout .30° C (86° F). 
There are scattered references in the literature” on temperatures of thermoneutrality 
(with reference to heat production) of other species: 15-20° C (59-68° F) rabbit, 21-25° C 
(69-77° F) sheep, 13-21° C (55-70° F) goat, 20-26° C (68-78° F) dog, 20-29° C (68-84° F) 
chimpanzee, 18-25° C (65-77° F) goose, 20-28° C (68-82° F) turkey, 16-28°_C (62-82° F) 
fowl, 24-25° C (75-77° F) pigeon, 31-36° C (87-96° F) dove. 34-30° C (93-97° F) canary^ 
30-31° C (86-88° F) finch. Lee” reported that thermoneiitrality for the rabbit is 28° 

to 29° C (82-84° F). , , r • 

It is instructive to note that the comfort zone of some poikilothcrms on the farm is 

about the same as that of homcotherms. Thus, “Grasshoppers arc forced to climb 

vegetation to escape heat which is at air temperature of aliout 80° F (27° C) and soil 

temperature of approximately 107° to 113° F (42° to 45° C)’’. “Maximum feeding is 

interrupted when air temperatures go much over 80° F, or soil temperatures above 113 F, 

the grasshoppers then climb vegetation, where most of them rernain motionless only now 

and then nibbling on the vegetation on which they arc resting.’’” 

However, preceding this optimum temperature, the influence of environmental 
temperature on all metabolic processes of poikilothcrms, including heat production, is 
directly opposite to its influence on homcotherms (Fig. 11.1). This temperature effect 
on insects is obviously very important, because it indicates that prior to the comfort 
zone the agricultural destructiveness of insects is increased 2 to 3 times for an increase 

of 10° C (or 18° F) in the environmental temperature. 

Figs. 11.13 and 11.14 illustrate factually parts of the diagram in Fig. 11.11 and empha- 
size the following features: (1) other conditions being equal, the larger the animal the 
flatter” its heat-production curve with decreasing environmental temperature; (2) if 
an animal is acclimatized to a low environmental temperature it produces more heat at 
higher temperatures than if it is acclimatized to the higher temperature (it takes time 
to change the thermostatic controls from one to another temperature level ) ; (3) tne 
environmental-temperature range which animals can withstand on the cold si e o 
thermoneutrality is very much greater than on the hot side. 

Little is known about some of the homeothermic mechanisms, how, for 
example, fur or wool develops on approaching cold weather^’; how more 

Swift II W and Forbes, II. M., J. A n/., 18, 307 (1939). i Kn.if 

1. cy Tcrroiiry. F,, «nj Traulnmn, S., ,1»«. «l phjnmhm. b.oL, 3 , 422 

.‘ff 33, » (4342,. 

i-eSHs i;; 

Mayerf A.; and Nichita, G.. Ann. physiol, physicochm. bwL, 6 , 609 , 621 

CL Mayer. A.. Nichita. G., “Sur une adaptation du 

Ann. physiol, physicochim. bid., 6 , 609, 621 ^ 103 , W6 (1933); 

adaptations to environmental temperature conditions, Am. J . Rliystoi., ivo, 

107 ,*^635 (1934); 126 , 36 (1939). 



287 



liquid fat develops on approach to winter and more solid fat on approach to 
summei'*®. 

^ ** » in general, so in liomeothermyS’, the pioneering contribu- 
tion to its mechanism was made liy Claude Bernard about 1850. He cut a 



Fig. 11.13. Influence of environmental temperature on heat production of animals 
expressed as percentages of the minimum or basal heat production. 

sympathetic nerve in the neck of a rabbit, resulting in dilatation of the blood 
vessels of the ear in engoigement with blood, and consequently increase in its 

C/. Henriques and Hansen, Skand. Arch. Physiol. ^ 11,151 (1901). Leathes and 
Raper, “The fats,” London, 1925. Pearson and Raper, Biochem. J 21, 875 (1927). 

‘•Lusk, G., “The Science of Nutrition,” Philadelphia, 1928; Du Bois, E, F., “Basal 
metabolism in health and disease,” Philadelphia, 1936; Du Bois.“* Cannon, W. B,, 
'‘The wisdom of the body,” 1932. Barbour, H. G., Physiol. Rev., 2, 295 (1921). Bazett, 
H. C., Id., 7, 631 (1927). Deighton, T., Id., 13, 427 (1933). Cannon, W, B., Id., 9, 
397 (1929). 
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Fig. 11.14. Influence of environmental temperature on heat production of. animals 
expressed as percentages of the minimum or basal heat production. 

surface temperature^". It is now generally known that the sympathetic ner- 
vous system controls the caliber of many blood vessels and therefore, the con- 
ducting or insulating properties of the skin. 

The nervous heat-regulating center is in the hypothalainus , at head 

the spinal cord, just below the cerebrum. In addition to the vasomo 
49 , 271 (1919); 66, 453 (1923), and other papers. 
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trol of the calibor of the blood and therefore flow anti dislribution of 

blood, the nervous system also controls tlie arrangement and position of hair 
or feathers — as in ‘‘ruilling” of feathers or “raising’* of hair — so as to decrease 
or increase tlionnolysis. Incidentally, “got)se flesh” in man is an obviously 
residual or surviving skin mechanism ft>r arranging tlie fur which he lost. 
Tensing of muscles or shi\-ering and other muscular activities associated with 
increasing heat production are under nervous control, directly or indirectly. 

As an example of a possible indirect nervous control one thinks of tlie ante- 
rior pituitary which receives innervation from the hyi)otlialamus, the heat- 
regulating center. Under hypothalamic influence, approaching cold may 
stimulate the pituitary to produce more thyi'otropic^- and adrenotropic hor- 
mones which stimulate thyroids and adrenals to produce more thyroxine 
(for slow, seasonal, temperature changes) and adrenaline'^^ (for rapid tem- 
perature changes)^"*. 

Keeping rats in a cold environment for some time raises their basal metal>oIism even 
if measured at therraoneutrality (Figs. 1 1 .12 to 11 .15). This increase in heat production 
is attributed®^ to increased thyroid activity by cold. However, Lee and Lee®® reported 
that the thyroid is not necessary for maintaining normal body temperature at low tem- 
peratures. Chahovitch®^ reported that thyroidectomy in tlie rat lowered “summit 
metabolism’* from 17. G to 9.3 Cal/kg/lir. 

Chcvillard, Hamon and Mayer®® reported an increase in weight of the liver in mice 
kept in the cold. They®® also reported the involvement of adrenal hormones and choline 
in heat regulation. Castration’® appears to reduce the level of summit metabolism. 

Bazetf' reported that the blood volume of healthy men in Philadelpliia is 15 to 40 
per cent higher in summer tlian in winter; men exposed for a few days to high tempera- 
tures in midwinter experience an increase in blood volume, although not so striking as 


79 


Uotila, U. U., Endocrinology, 26, 63 (1930). 

Cannon, W. B., Querido, A., Britton, S. W., and Bright, E. M., Am. J. Physiol., 
, 466 (1926-7). Cannon, “The wisdom of the body”, 1932. 

®*For other references see: Cramer, W., “The thyroid-adrenal apparatus and its 
function in heat-regulation”, J. Physiol., 60, p. XXXVIII (1915-16); 62, 13 (1918); p. 
36 (1915-16) Cramer, “Fever, heat regulation and the thyroid adrenal apparatus”, 
London, 1928. Cannon, W. B.. et al., “Adrenal secretion in the chemical control of body 
temperature”, Am. J. Physiol., 79, 466 (1926-27). Mills, C. A., “Effects of external 
temperature on thyroid activity”, Id., 46, 557 (1917-18). Landauer, W., “Thyroid 
activity and environmental temperature in frizzle fowl’ , Arch. Inter, de pkarmacodyn. 
Tker., 49, 125 (1934)- Benedict, F. G., Landauer and Fox, E. L., “Metabolism, etc. 
in the frizzle fowl”, Storrs Agr. Exp. Station. Bull., 177, 1932. Korenchevsky, V. 
“Influence of removal of thyroid, etc. on body temperature regulation,” J Path, and 
Bad., 29 (1926). Schmidt, L. H., and I. G., “Environmental temperature and thy- 
roxin”, Endocrinology, 23, 535 (1938). Bodansky, M., “Temperature and the thyroid,” 

J. Exp. Med., 63, 623 (1936). , ^ 

®®Schwabe, E. K., and Emergy, F. E., Anai. Rec., 67, Sunp. 3, 46 (1937); Schwabe, 

Emergy, and Griffith, F. U., Jr., J. Nut., 16, 199 (1938). See also Ogle and Mills®’. 
•® Lee, M., and Lee, R. C., “Thyroidectomy, thyroid feeding and basal metabolism 

at different temperatures”, Endocrinology,^!, 790 

®’ Chahovitch, X., Compi. Rend. Soc. 6zoL 100, 1220 (1929). 

« Chevillard, L., Hamon, F., and Mayer, A., Ann. Phystol, Pkysicochim. bioL, 13, 
493 (19371 

“'• Gasnier. A., and Mayer, A., Ann. physiol, physicochim. biol., 13, 620 (1937). 
Chahovitch, X., and Vichnjitch, M., C. R. biol., 98, 1153 (1928). 

Bazett. H. C., Proc. XVI. Intern. Physiol. Congr. Zurich, 2, 76 (1938). Sunder- 
man, F. W. Scott, J. C., and Bazett, Am. J . Physiol., 123, 199 (1938). 



290 


Bi()i':xKRaf:rics am) ohowth 


in summer. Cardiovascular clianges were also oljservod.'^ Tlie increase in blood vol- 
ume must be related to the increase in the iieriphcral vascular bed. Bazett believes that 
the pituitary may be conecincd in the changes of urine output occurring in the adapts- 

tioii period. 
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Fi«r 11 15 A comoarison of the inilueiice of environmental temperature 
lisml'and o^he of several body regions heat loss, and skin conductivity 

for heat. Modified from Hardy and Du Bois (sec text). 

11 6- Applications. The facts and principles of homeothermy may be 
utilized in calorimetry, animal husbandry, air-conditioning engmeermg, and 

“S"lt Insensible-perspiration calornnetrj. In 1614 Sanffons 
book in which he gave much attention to “perspiratio inscnsibilis , and dec 
rated it with an engraving of a man suspended from a slceH-ard scale ratchi^ 

n uLlude liU or solids, which are “ sensible” ■, it includes only ' mserfe 
“oss®, e.g.. water vapor and carbon dioxide. However, when the R.Q. 

« Bazett, Scott, and Sunderman, Am. J. Physiol, 123, 11 (1938). 
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0.727, the CO- weight exhaled just balaiiees the O-. weight coiisumed^^ so that 
all “insensible’' loss is va.pori/(‘d moisture alone. The heat dissii)a.ted is com- 
puted by multiplying the weight of water vaporized by tlie latent, heat of 
vaporization of the watt'r (t).58, in the body nearer 0.00 ( al,'gm water). 
Benedict and Hoot and others suggestetl that the heat production may be 
determined from insensible perspiration, since tlie lieat dissipated l)y vaporiza- 
tion is an approximately constant, percentage* of the total heat produced or 
dissipated under a given set of conditions (Figs. 11.7-11.9), that is, below the 
sweating temperature of about 27° (’ (in man). 

From Figs. 11.7 and ll.S it is evident that this method is not applicable 
with precision following temperatures of 27° or 80° C, and that even prior to 
this temperature the i)ercentage lieat loss by vaporization is very sensitive to 
environmental temperature and other comlitions. It increases from about 
18 per cent of tin* total heat dissipation at 18°(' (05° F) to about 35 per cent 
at 30° C (85° F), then very steeply to 100 i)er cent at 30° C (97° F), and so on. 

As previously noted, in man (sweating species), al)out § of the insensible 
moisture loss is from the skin, aiul | fi*om the respiiatory passage' ^ In non- 
sweating animals, the moisture loss from the skin is less, only that which 
reaches the surface by “osmosis” or “physical permeability” rather than l)y 
glandular (sweating) acti^'ity. It lias imt been determined how environ- 
mental temperature affects the ratio of “osmotic” moisture'^ to sweat-mois- 
ture vaporization in sweating and (relatively) non-sweating species. 

Incidentally, it should be possible to compute from tlie ventilation rate, 
that is, from the volume of air exlialed per unit time, the moisture vaporized 
from the respiratory passages, since the exhaled air is practically saturated with 


(). 


32 



The molar weight of Os is (J.727 of the molar weight of COj: = — = 0.727; 

hence, when the 
It.Q. is less than 
loss is greater th 

CO 2 is given off tlian O 2 is taken in and the insensible water loss is less than the total 
insensible loss. The production of methane would, of course, complicate the situation. 
The insensible perspiration, I. P., may, therefore, be defined symbolically by the equa- 
tion 

l.I>. = IbO-f (CO 2 -O 2 ) 
or the moisture (II 2 O) vaporized, ^by thc^equatimj ^ 

in which CO 2 and O 2 represent the weights of (’O 2 produced and Oj consumed. The 
value of (CO 2 - O 2 ) is slight in any case, and zero when the H.Q. is 0.727. 

’^Richardson, H. B., “The effect of tlie absence of sweat glands on the elimination 
of Water from the skin and lungs,” •/ • Biul. C/rew., 67, 307 (1926). F. C. Houghten, 
Am. J. Physiol., 88, 386 (1020), estimates that at 70° F (21® C) 25% of the heat is lost by 
vaporization; 16 per cent by vaporization from the skin and 0 per cent from the lungs; 
SO per cent by radiation and 25 per cent by convection. 

Hancock, W., and Haldane, J. J., "The osmotic passage of water and gases through 
the human skin,” Proc. Roy. Soc. IIIB, 412 (1932). Hancock, W., ct al.y "The loss of 
Water and salt through the skin”, /d., 106B, -13 (1930). For inHuenco of temperature on 
insensible perspiration in man, see also Kuno^^; Adolph, F». F., Am. J. Physiol. ^ 66, 
446 (1923); Campbell, J. A., and Angus, T. C., J. Ind. Hyg.^ 10, 331 (1928); Houghten’*. 
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moisture at an almost constant temperature. Thus, assuming that the tempera- 
ture of expired air in eattle is 38“ C', and that it has a water vapor pressure of 
ht.8 mm llg, the expired air contains 49.8/7(10 X ICO = 6.6 per cent water. 

\s noted Benedict and Root'*> suggested using the ir.sensilile perspiration 
method for’ estimating heat production. Xewliui^gh" perfected the method 
for long periods of olisorvation on man, and Levine'^ and associates on infants. 

In regard to farm animals, I.efevre and .\uguet''’ reported that the heat loss 
by vaiiorization in sheep increases with increasing environmental temperature. 

' Mitchell and Hamilton^" reiiorted that in steers the heat loss by vaporiza- 
tion ranged from about 15 per cent of the total heat loss at 43° F, to about 42 
per cent at 69° F, (Fig. 11.7) and that following shearing the insensible loss 
decreased by from 5 to 30 per cent (average 20 per cent ). The insensible less 
was also influenced directly by the amount of water consumed (the skin is a 
water-storage organ, Ch. 10) and inversely by dehydration, and also by the 

individuality of the animal. 

In connection with the influence of shearing on heat loss by vaporization, it 
is instructive to note that, although under given conditions normally feathered 
fowl lost 49 per cent of their heat by vaporization, scantily-feathered frizzle 

fowl lost only 17 per cent of their heat by vaporization*' (because the nor- 
mally-feathered bird loses little by radiation). 

Mitchell and Hamilton’s results substantiate those of Benedict and Kitz- 
man*^ Kriss**, Mayer, Lef^vre, Kayser*\ and others, namely, that heat dis- 
sipation as latent heat of vaporization varies with temperature and other 
factors (Fig. 11.7). Consequently, with the exception of very special condi- 
tions, insensible perspiration calorimetry is not the best method of measurmg 

heat production or energy metabolism. t ^ 

11.6.2: Partitional calorimetry. The evaluation of heat dissipation from 

insensible perspiration alone is somewhat crude. The heat produced by e 

Benedict, F. G., and Root, g- 

1 (1^6); Benedict and Wjd ow. H. S Jeit eliSnatcd bfthe human being J. Clm 

” f ;'»0p7.The the environment and the basal insensible 

Inv., 8, 147 ( 930), 1 ne reia ions determination of heat production 

oTerfong ‘periods ^f’Ume’’, Id., 10, 703 (1931); "The exchange of energy between man a 

""^iTeldnf k Dis. Children, 33 , 204 (1927); 37, 791 (1929); 39, 917 

^ Scf., 190, 326 (1930). Le^ August, 

™ Sb... E. L.. Conn. Agr. Exp. S«. Bull. .77, 

^®^»^»‘Benedict, F. G., and Ritzman, E. G., “The metabolism of the fasting steer," 

ueigh. .t ..ttl.,» J. A,r. «, 117. 
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body mav be evaluated more preeiselv from four measureinoiits: (1 ) viipoi’iza- 
tion, (2) infrared (heat) radiation, (3) conduction and convection, and (-1) 
change of heat storage in the body. ^^’iI:slo\v and associati are atti'iiipting 
to develop a method, which they call parlilion caloriwctry, and which they 
claim to be superior to the conventional direct or indirect calorimetry because 
(1) it indicates the manner in which the lieat is U st ; (2) it has no time lag to 
mask transitory and adaptive phenomena; (3) by proper adjustment of tem- 
perature and of radiating walls of the enclcsine, radiation, coiUTction, and 
vaporization may be varied independently and their interrelations investi- 


gated. 

Partition calorimetry involves correction for changes in body temperature. 
Burton^e estimates the average body temperature by the following relation: 


Average body _ ^ ^ rectal temp, -h 0.35 average surface temperature 

temperature 


Incidentally, there is a temperature gradient®" of 4° to 5° C between the 
body interior and the body surface, and Burton®® estimates the' conductance 
of heat from the interior to the surface by the relation: 


rate heal loss from surface 


Conductance area X (rectal loss skin temperature) 


The so-called body temperature is a “spot temperature” and various parts of the 
body, especially different regions of the skin, vary enormously in temperature,*® as 
illustrated in Fig 11.15. When the room temperature is about 22° C, tlie rectal tem- 
perature in man is about 37° C, abdomen 35°-36° C, feet 27° C, and so on. The rectal 
temperature is least sensitive to changes in environmental temperature, the toes most 

sensitive, and so on. , - » i ■ i 

The rate of heat loss from the nude body depends primarily on the peripheral circula- 

tion, but is modified by the amount of subcutaneous fat (the insulating value of fat is 3 

times that of wirter) The greatest vasomotor changes are in the extremities, especially 

in the fingers and toes (less in hands, still less in forearms);®® hence the hands and feet 

are among the most effective temperature regulators (heat radiators). About 30 per 

cent of the total vaporization comes from the hands and feet, although their surface area 

is only 12 per cent of the total body surface.®* The ability to withstand rapid changes 

in environmental temperature depends on the rapidity of response of blood flow from or 

to the body interior, and especially to the extremities^ 


8S 

Am 


* Winslow, C-E. A., Herrington, L. P., and Gaggc, A P., ‘a’artition^ calorimetry," 

.. J. Physiol., 116, 641, 656, 669 (1936); 120, 1, 2i7, 288 (1937). 

•’ Ba 7 .ctt,’ H! C.’. aiid^McGloL', B., “Temperature gradients in the tissues of man,” 

BuitirA'’c’^’/'^S^?261 (1935); Ann. Rev. Physiol., 1, 109 (1939). 

«® Benedmt F G ‘and Slack, E P., “Temperature fluctuations in different parts of 
the hS bodyi” Cariie Inst. Washingto.l,.Publ. 155, 1910. Murlin, J. It., Ergeb. 


■'".CeSf ’T • BlL'dT'F "."&p P ” "V....!., ™cu«,. 1. .h, rabbit.’ 
», w'i ■«. 932); Morton, So.tt, W, J. 


J. Clin. Inv.f 9, 

human 


m!, "sVmpaTheUc''va8co‘i8trictor activity in the lower extremities,” J. Clin 
236 (1930) i Pickering, G. W., “The vasomotor regulation of heat loss from the 

akin in reaponse to external temper^ure, //car(, 16, 115 (1932). 

« Benedict, F. G., and Wardlow, H. S. H., Arch. Ini. Med., 49, 1019 (1932). 
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Incidentally, emotional breaking into “cold sweat” and “cold hands”, especially 
Cold fingertips, often associated with blushing, indicates suggestive interrelations in 
the central nervous system, the brain, 

11.6.3: Effect of cold weather on productivity and efidciency. It is gene- 
rally known that farm livestock are wintered without apparent iniviry on the 
open range in severe winter weather. For instance, the winter tempera- 
ture at Miles ('ity, ^Montana, is freriuently -40° F ( — 40° C) yet horses, cat- 
tle, and sheep in the government e.xperiment station there are wintered out- 
doors without injury. In 1907 Waters,” at the Missouri Station, reported 
that beef cattle did better wintered outdoors than when conventionally housed. 
Dice^' reported that dairy cattle wintered outdoors (9° to 27° I*’ or —13° to 
— 3° C) i)roduced as well as when conventionally housed, and the feed cost 
of maintenance was not iucrc'aseil by the lower outdoor temperature. 

•Iordan'** reported that dairy cows produced from 55 to 85 per cent more 
heat than was needed for maintenance of l)ody tempi'rature, and Armsby,** 
therefore, saw no reason why a cow “might not be subjected to compara- 
tively low temperatures without causing any increased katabolism for the 
sake of heat production solely”. 

These results are not surprising because animals wintering outdoors respond 
to approaching cold weather by developing highly insulating coats of fui, 
feathers, and suheutaneous fat. Hy driving the blood from the surface on 
declining temperature, the blood is kept from cooling and the skin becomes 
highly non-conductive to heat (Fig. 11.15). Moreovex, incidental to their 
productive or even mainteinance proce.sses, farm animals consume large 
quaptities of feed associated with high heat production (C’h. 4), thus keeping 
the animal warm in cold weather, and making it unnecessary for the body to 
increase the oxidation of its tissues for maintaining normal body temperature. 
The rapid rise in basal (that is, fasting and resting) metabolism with declining 
environmental temperature is no indication that there is a similar rise in 

normally fed animals under farm conditions. 

It is true that under basal-metabolism conditions the “critical tempeia- 

ture (Figs. 11.11, 11.13, 11.14) of farm animals is 60° to 70° F (15 to 21° C). 
Such A'alues were repended for domestic fowl*®, pigs**, and steers"’*. 

52 List, C. 1’., ami lAct, M. M., Arch. .Vei/ro|. Psycliiiil., 39, 1228 (Jf 
For other references on related problems, sec Sheard, Du Bois, and others in lempera 

ture”, etc. Ileinhold Pub. Corp., 1941. . _ „ 

M Waters, H. J., “Fattening cattle for market”, Univ. Missouri Agr. Exp. bta. 

T^ R., “The influence of stable temperature on the production and feed 

requirements of dairy cows,” J ■ Dairy iScf., 23, 61 (1940). 

Jordan, W. II., “The feeding of animals. New y ork p. 310, 1908 
s«Armsbv H P , "The nutrition of farm animals. New York, p. 454, IJit. 

S’ See, for ’example, Mayer, A., and Nichita, G., “Variation 
lisme du lanin et modification de la fourrure,” Ann. de phystckochm. bwl.,5, 621 

™ MUcS IT and W. T., J. Agr. Res., 34. 549 (1927). GerharU, H.. 

J. A,r. 12, 257 (IM). Deighl.n, T., U.. 

”’ioo^or*bM,’E. B., Braman, W. W.. and Kriss, M.,J.Affr. Res., 38, 579 (1926). 
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Interesting as these “critical” values may he theoretically and for research 
purposes, they are probably without signilicance for normal farm animals 
under normal management conditions systems. 'I'here is need, as a basis 
for designing farm structures and air-conditioning, for mapping the tempera- 
ture curve of heat and moisture dissipation mider normal farm conditions. 

At present we can employ only general considei ations, whicli indicate that 
in most of this country elaborate barns are not needi'd for cattle, sheep, or 
horses— merely open sheds for protection against snow, rain, and wind. 

11.6.4: Effect of hot weather on productivity and efficiency. As pr(>\ iously 
noted, srveating animals can withstand much higher tcmpf'ratures than non- 
sweating. In non-sweating animals, at any rate in cattle, the body tcanpera- 
ture is already above normal at environmental temireratuie [80 F (27 ( )] 



Fig. 11.16. Relation between rectal 
temperature and heat production in man 
plotted by us from data by McConnellr 


(Figs. 11.10 and 11.17). Rise in body temperature is associated with a 
rapid rise in heat production or maintenance cost (Fig. 11.1(5, increasing 
rectal temperature by 4° F or 2.2° C doubled the heat production), and decline 
in productivity, as shown in Fig. 11.17, plotted from Regan'"'. When the 
environmental temperature was increased fiom (50 to 95 F (fiom 16 to 
35° C), the rectal temperature of the cow increased from the normal 101° F 
level to approximately 104° F (from 38° to 40° C); the daily milk yield 
declined from 27 to 17 lbs.; the ca.sein declined from 2.1 to 1.8 per cent; and 
the solid- not-f at declined from 8.1 to 7.6 per cent. The seriousness of the 
damage of high environmental temperature to milk production is evident 
from the fact that temperatures of 80° to 100° F arc quite common in our 
richest agricultural regions, especially in the corn belt, where the tempera- 
ture often rises to 110° F (43° C). Fig. 11.18 represents the depressing 


101 


Regan, W. M., Richardson, G. A., J. Dairy Sci., 21, 73 (1938). 
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influoiicc of high environmental temperatures on feed consumption and feed 
utilization**^^ 

High temperature also depresses growth. Fig. 11.19 shows***^ the precip- 
itate decline in growth of chickens during a hot July in Columbia, Missouri, 




Fig. 11.18. Influence of environ- 
mental temperature on feed con- 
sumption, heat production, and 
feed utilization in dairy cattle. 
(From Kleiber.) 


when the maximum daily temperature rose to 110° F (43° C) and the mean 

daily temperature to 98° F (37° C). 

Fig. 11.20 shows the influence of environmental temperature on growtn o 


nonnal g-wth of chickens under normal 
conditions,” Univ. Missouri Agr. Exp. Sta. Res. Bull., 247, 1936. 
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chicks one to two weeks of ase'°'. This growth rate is niaxinuim at the 
surprisingly low temperature of 70° F (21° C). 

The water-loss-temperature iliagram for the domestie fowl'"* indicates 
that in the fowl thermoneutralitv is close to 75° F (24° (’) and that the body 
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Fig. 11.19. Influence of environmental temperature on growth of chickens. 



temperature must rise following 85° F (30° C) and certainly above 90° F 

(32® Q) 

Cattle native to hot countries endure hot environments better than those 
native to temperate countries, and this may be true of other species. Thus 


TCloiW M ftnU Doueherty, J. E., */• Physiol., 17, 701 (1934). Winchester, 
C. F.,^ncf Kleiber, M., J, Agr.^ Res., 67. 529 (1938) See also Giaja, J and Gelineo S., 
“Facteur thermique de la croissance des homeothermes, Bull. Acad. Roy. Serbe Sci. 

Math, tuit.f 1, 103 (1933). . , w r qq o 7 *\ 

Barott, H. G., and Pringle, E. M., J. Nut., 22, 273 (1941). 
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Zolni, or Brahmcan ratlle, Bos Indicus, stand heat better than the European 
cattle, Bos Taurus"^\ probably because the Indian cattle have more sweat 
glands than European cattle, just as human natives of hot climates probably 
ha\-e more sweat glands per unit skin area than nati\'es of cold climates. 

There is consideral)le literature on the influence of temperature on reproduc- 
tive behavior.'"^ The reproducing ability declines with rising temperature 

above 80° F. 

Warren and associates discussed the influence of temperature on egg-shell 
thicknoss“'^ egg size'"'k blood calcium''", and growth of the hen’s ovum'". 
Shell thickness, blood calcium, and egg size decreases with rising environmental 
temperature above 70° F, and the birds consumed 2() irer cent less feed on 

raising the temperature from 00° to 95° F. 

It is customary to correlate milk production and milk composition with 

season (see Fig. 8.9). It is doubtful, however, whether the cow is a photo- 

periodic or thermoperiodic animal, and the seasonal milk-productivity rhythm 

is due to the injurious effects of overheating an animal not adopted to cope 

with hot weather. 

11.6.6: Artificial cooling of non-sweating animals in hot weather. Since 
overheating in non-sweating animals is due to lack of skin moisture for 
vapoi'ization, the obvious method for cooling would seem to be external ap- 
plication of moisture. Swine naturally resort to mud wallows for moisture 
in the desirable form of mud. When given the opportunity, cattle stand in 
cool water duilng hot weather, and sheep migrate to higher altitudes. 

Under commercial conditions these summer devices are not usually ac- 
cessible. Commercial air conditioning is too expensive, although considera- 
tion is given it"-. Dairymen install powerful fans on the theory that fans 
cool cows as they do men. It is obvious from what has been said that this 
theory cannot be altogether true. Fanning cools sweating animals because 
it accelerates the vaporization of the sweat; but fanning cannot inciease the 

Rhoad, A. 0., Proc. h/H. Soc. Animal Prod., p. 281 0938); Kelley, R. ^'1 

(Brahman) Cross cattle. Council of Scientific Industrial Repareh Coinnioimealth of 
Australia, Bui. 27, 1932. Kelley, M. A. R., “Basic problems in air conditioning of stables. 
Paper read at the St. Paul (June 1939) meetnig Am. Soc. Agr. Engineers. __ 

‘"UlcKenzie F F., and Berliner, V., “The reproductive capacity of rams, Umv^ 

^Iissouri Agr oi Sta. Res. Bull.,’ 265, 1937. Phillips, R.W and McKenzie The 

thermorreulatorv function and mechanism of the scrotum, Id. Res. 

Moore R ‘‘Heat application and testicular degeneration. 1 he function of tl o 

wTmn'D .» ih. ...nu.l =«r.e. of pallet. 

uo^Conrad, R. M., “The effect of high temperature on blood calcium of the laying 

''“i'w.mn! a Tl. M., "C„o,vtl, .1 the hep's pvpm," /. J»r, te.. 

68, 875 (1939). 

11* Kelley'** 
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vaporization rate if the skin is dry and cannot cool tlu^ animal unless the 
environmental temperature is lower than the skin temperature. The (sweat- 
ing) dairyman’s assumption that because ho is cooled In* Ians tlie (non- 
sweating)' cow is likewise cooled is understandal)le l)ut not penetrating. 
Fans are not likely to increase the vaporization rate from the respiratory 
passages because the moisture from those sources is already fanned by the 
respiratory movements. 

It is true that even non-sweating animals give off some jnoisture from the 
skm'‘=*; Jersev cows are saich*^^ to gne off al)oiit 1 pound of moisture per 

7 % 

hour by non-sweating; methods. Howex’er, tliis non-sweating moisture, 
referred to as diffusion or osmotic moLsture'^ is prol^ably unimportant in 
body-temperature regulation in hot weather (big. 11.17). 

The foregoing discussion suggests the desirability of employing some 
substitute for sweat glands, perhaps some spongy, porous covering, such as 
rubber or acetate sponge, which holds moisture and ]K'rmits good air circula- 
tion. A cover of some such fabric as jute may be useful to protect the rubber 
against sun and manure and assist with absorption and vaporization of the 
moisture. We investigated in a jn-eliminary way the influence of wet, porous 
i-ubber, sponge blankets on the respiration rate (the best inde.x of a non- 
sweating animal’s comfort with respect to temperature) of sheep and cows, 
with promising results, shown in Figs. 11.19 and 11.20. 


Fig. 11.21 shows the results for sheep. Wet blankets were put on sheep A and B at 
10:30, while sheep C and D served as controls. In the blanketed animals, the respira- 
tion rate immediatelv dropped from its initial level of about 190, to 160, 150, and finally 
145. By 1 o’clock the blanket began to dry, and the respiration rate began to rise. 
When the blanket was removed, the respiration rate promptly attained its initial level. 
The environmental temperature during this observation was between 90° and 100° F 

(32° to 38° C). . , ^ 

Fig. 11 22 exhibits similar results for cattle. Four cows were observed. Cows 731 

and 740 were not blanketed; cow 731 had a powerful fan blowing over her, while cow 740 
had no fan. Cows 712 and 677 had wet sponge blankets; 712 had in addition a fan blow- 
ing over it- 677 had no fan. Under the given conditions, the fans apparently did not 
help either’ the blanketed or non-blanketcd animals. Indeed, in the non-blanketed 
animals the fan seemed to increase the respiration rate for a time, perhaps by forcing 
the hot air into the animal’s skin. There is no doubt, however, that the wet blankets 
reduced the respiration rate considerably. It appears from these preliminary observa- 
tions that a wet-porous blanket might maintain the comfort and productivity of non- 
sweating farm animals in the hot season of the year, thus preventing an enormous ag- 
gregate waste from declined productivities during July, August, and September. 


11.6.6: Fever: heat exhaustion: heat cramp: ventilation and air-condition- 
ing: exercise: diet: clothing: and weather. Most fevers reflect disturbance 
of the normal equilibrium between thermogencsis and thermolysis, a change 

in level of thermostatic control. 


Richardson’* 
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Malarial fever illustrates a cliiTerent situation. Shivering during the chill 
increases heat production about three-fold, from about 80 to 230 Cal per 
hour"^; yet heat elimination is not increased. The result is a rise in body 
temperature of about 2° C in one-half hour. At the beginning of the chill, 
the body temperature (of mouth or rectum) is normal, but the skin tem- 
perature is below normal, which gives the naisatio7} of chill and leads to 
shivering. This illustrates the comidicated temperature-gradient con- 
figuration. There may be a rise of temperature in one part and a decline 



TIME 

Fig. 11.21. The influence of a wet rubber-sponge blanket on the respiration 

rate of sheep. 


in another, but one feels the temperature only of the part (skin) which is 
capable of signalling to the brain. The liver has a temperature which is 
normally several degrees above the rectal temperature, while the moutti 

temperature is about 1° C below the rectal. 107 ° it Ct 

The upper survival temperature limit for fever in man is 107 i (4 ; 

but may rise in premorlal states to 1 10“ F (43“ C). Each disease has its 

Barr, .nd Du Bois, drft./sl. ‘‘ D«'Bo°''“MSbSS 

“‘C/. J. Am. Med. Assn., 110, 459 (1938). 
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characteristic temperature curve; (he temperature in malaria fluctuates; the 
temperature in pneumonia rises steadily until th(' crisis is reached. Fever 
may be produceil not only by di-sease orjranisms, but also by chemical pyro- 
gens, such as by dinit rophenols, thyioxine, and also by liaeilli, dead or alive, 

and by other foreign bodies'"*. 

Elevation of body temi)erature may result from a hot environment or 
from excessive heat production conseipient to hard mustadar exercise. Such 
elevation of body temperature is often follow'd, especially in the aged, by 
collapse variously referred to as ftcal cxitauslion , hcol ulruLc, and situ stroke. 
The collapse may be due to the high temperature but more often to circulatory 



Fie 11 22 The influence of a wet rubber-sponge; blanket , and of fanning the uncovered 
and fpongc-eoverKi mats, on the respiration rate of cattle (Holste.ns). 

failure’'^ partly as result of peripheral vasodilation with consequent necessity 
of accelerated circulation of the diminished available blood (the blood that is 
released for cooling at the body surface is, for the moment, unavailable for 

oxygen transport). 

It is interesting to note that ascorbic acid (vitamin C) is excreted in sweat"* ; 
hence the greater need of vitamin C in profusely sweating persons. No doubt, 

For review see Brody, S., 3 , 34! (1934). 

P (* nnd Hilfertv, M. M., “Sunstroke and allied conditions in the 
■> "/Vopicaf Med., 12 , 223 (1932); Xew England J . Med., 209 , 319 
(19331 Rnck’ A V’ and Ddl, D. B., “Physiological reactions to high environmental 
Cmrnrp. ” M M9 442 ( 933) . I utt, F. H., “Susceptibility of chickens to extreme 
ttru id? n,’4M (1938). Wilso’n, G.. “The cardiopathology of heat stroke,” 

j* Am. Med. 114 , 557 

Bernstein, R. 6., Nature, 140 , 684 (1937). 
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tlic saiiu' liolds true for otlu'r water-solulrlc vitamins and salts, which may lead 
to other disorders sneh as heut cramp. 

A dramatic hot-weather disability in sweating animals in dri/ environment 
is heat cramp. 'I'he outstanding symptom is pain in the muscles, including 
the heart muscle. 'Phis results from exce.ssiv(' loss of common salt in the 
sweat"'*. This dilliculty is prevented by drinking water containing"'' 0.1 
per cent sodium chlorkle, and acute cases aie cured by injection of large 
amounts of normal saline. It has been suggested to drink water containing 
0.012 per cent K('l and 0.018 per cent XaCl. Fai-m animals that have access 
to salt probably never develop heat cramp, because, unlike man, animals 
de\ elop a salt craving, and consecpiently satisfy the salt need. 

IIowe\-er, administration of salt is not helpful in heat stroke, previously 
described, becau.se the underlying difficulty is not salt loss but high body 

temperature and consequently high pulse rate (above 135). 

For hot-weather comfort one should obviously avoid conditions that increase 

heat production and adopt those that protect against direct sunlight and 
increase heat dissipatioiv. Heat production is, of course, increased by muscu- 
lar exercise and high-protein food {SDA). 

Protection against sun radiation includes such devices as wearing sun 

helmets; protecting windows by aluminum-painted a\\mings or Venetian 
blinds — placed on the outside ; protecting the roof, if flat, by a layer of water, 
otherwise by light-colored paint, preferably aluminum paint which absorbs 
only 40 per cent of the radiations as contrasted to asbestos shingles, un- 
painted wood, stone, brick, red tile, which absorb 70 per cent, and black 
surfaces, as slate or tar, which absorb 90 per cent of the radiations'-". Water 
sprayed o^'er the roof, and attic ventilation help to dissipate the absorbed 

heat. . . . 

The temperature of a room may be lowered directly by vaporization. 

The War Department uses'-' a cooler which consists of a metal cabinet filled 

with a fine porous substance, such as excelsior, thoroughly wet, and placed 

in the window. A fan on the roomside of the cabinet draws the wot air through 

the room. Evaporation of this moisture lowers the room temperature. This 

method, no doubt excellent for hot, dry climates, would not seem useful for 

hot, humid climates. Hot weather comfort depends on low relative 

humidity'-''. 

u9 Talbot, J. H., and Michelson, J., "Heat cramps.” J. C|i«. Inv , 12, 533 (1933). 
Wilcox W H., Br ush Med. Jr. /., 392 (1920). Dill, D B Edwards, H. T Jiauet, 

>20 Rowley F. B., Sigma Ai Quarterly^ 27, 147 (193J), 

Relilv ",nmidi.y 'i; S’AYo if wikr vapor in the dr to 

As the ivnter-holdine ”■**' Ss 7 5 grains tvatet 

leads to condensation of moisture. Thus at 68 1' (20 U) air noias i.o k 
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The importaiu'c to sweat iii}>, aiuiiials of tlio ellVcl of ri'lati\(' luiinitfity on 
the cooling propcitios of air in hot weatlua- may Ik- inferrod from IIk' fact that 
while a man can hanlly la-ar an environmental temperaUiie of 98° F (37° C’) 
in a saturated atmosphere, he can witlistaiul for a short time a temperature 
of 150° F (05° C’) in perfectly dry, l)riskh -mo\ ing air. Hence for inactical 
comfort in hot weather, briskly moving dehumidified air may l.)e as good as 
an atmosphere chilkHl by refrigeration. Chilled air often gi\es a feeling of 
stuffiness, and does not meet the neetl for a desirable variety in air movement 
and temperature, simulating the natural coiulitions of play of the wind, which 
invigorates and gi\es a feeling of freshness. As previously noted, for non- 
sweating animals briskly moving air may not be helpful, unless the surface 
of the animal is kept moist by some such device as a wet blankc't or by 

sprinkling. 

Some of the foregoing hot-weather .suggestions may l)e naersed fur comfort 
in cold weather. In cold weather foods or feeds har ing a high SDA effect 
(such as high protein) are desiral)le; so is exercise. Poorly insulated walls 
and ceilings give an unpleasant sensation of cold beyond the expectation of 
the physical temperature of the atmosphere. This is because cold walls 
cause excessive heat loss by radiation an<l one does not feel eomfortalde 
when the heat lost by radiation exceeds 50 to 00 i)er cent of tlie total heat 
produced. Room air at 00° F with walls at 80° F/cefs'-’ as warm as room air 
at 80° F with walls at 00° F. Hence the importance for winter comfort of 
having well-insulated walls and ceilings. In frame houses walls are insulated 
by filling studding spaces with insulating material and using tightly fitting 

storm sashes. 

High humidity in cold weather increases the feeling of cold because it 

increases the conductivity of clothing. 

Clothing furnishes man with a private climate. The degree of privacy 
depends on the amount of air that the fur, feathers, or clothing can hold sta- 
tionary. Fur is warm because of the great amount of aii it holds. A good 
fur is composed of 98 per cent air and 2 per cent hair. The amount of air 
held in the fur or feathers is controlled by the animal by holding the hairs 
more or less erect. The more erect, the more air. The following figures 
give an idea of the relative conductivity (inverse of insulation) of air, hair, 
leather, and some fabrics^^^ : air, 100 ; feathers, 108 ; knitted wool, 122; smooth 
lilk fabric, 129; hair, 143; smooth cotton fabric, 152; linen, 218; water, 2000. 

From the high conductivity and latent heat of water, the importance of 


vapor- at 60° K fl0° C) it liolds only 4.2 grains, and the remaining 3.3 grains drops out 
as Hqiid ^ter. Hen4 cold walls tend to bo wet. At 70° V (21° C), 30 to 60 per 

cent relative humidity is most comfortable. " r i i u ■ d. nn-r 

'«Spp Yairloii C P “The effective temperature index, ./. Ind. Hygiene, 9, 297 
and 26^r m27) ; 10, 350 (1928);./. Am. Med. Assn., 108, 1708 (1937). Winslow, C-E. A., J. 

Riltlf,^‘‘^Mblu)graphy on the relation of clothing to health,” U.S.D.A. 
MiscellaneouB Pub., 62, 1929. 
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knowhifi; the relative absorhtioii and vaporizatinii properties is evident. 
Yarn construction and weave make a great deal of difference. As regards 
water absorption, the following are probably in decreasing oidei . sponge 
rubber, linen, cotton, silk, jute. Little is known concerning the relative ease 
with \\'hich moisture is given off by various sul)stance.s. All that can be said 
is that densely woven materials do not absorb moisture. Feathers and wool 
arc naturally covered with oil, which repels moisture. For hot-weather 
wear, the clothing should be porous so as to absorb moistuie fiom the skin 
and then give it off slowly for comfortable cooling of the body. This reason- 
ing justifies woolen underwear in hot weather. 


It is interesting to note that under the same environmental condition of 72° F (22° C), 
relative humidity 30 per cent, and air movement 20 feet/minute, the mean skin tem- 
perature of woman is 2° F lower than of man, and that of the hands and feet 5° F lower. 
Under these conditions men feel comfortable and women feel cool. Room temperatures 
of 71.5° F for men and 76° F (25° C) for women give the same skin temperature (92 F) 
and comfort to both.'“ In the nude and in basal condition men have a slightly higher 
skin temperature than women, ns probably due to differences in subcutaneous fat. 
In summer weather of 94° F (34° C) the skin temperature is the same in both. 

These sex differences in skin temperature and comfortable feeling seem to be due 
mostly to sex differences in clothing worn and, to a slight extent, to differences in su - 
cutaneous fat. In general, when men and women wear the same clothing, the skin 
temperature and comfortable feeling are virtually the same for both. With minimum 
clothing, 82° F (giving a mean skin temperature of about 93° F), satisfies both equally 

well. 


Fairly hard muscular work, such as mining and farming, is best done^not at 
thermoneutrality but at the relatively low temperatures of 40° to 65° F (4 
to 18° C). One cannot, however, speak of temperature independently of 
humidity and air movement, since the three arc interrelated in their Physio- 
logic effects. The “effective temperature” represents physiologic effect . 
Pending the more general adoption of the effective temperature scale, 65 
(18° C) is currently quoted as the minimum suitable temperature ourmg 
rest for man, but the most comfortable condition is nearer 75° F (24 C), 

depending on the season (acclimatization). . 

Productive farm animals are in the condition of hard-working men, domg 
best below 65° F (18° C), and the published “critical temperatures” for farm 
animals have no bearing on the temperature of maximum productivity and 
efficiency. The serious agricultural problem in most parts of this coxmiry is 
not how to keep adult farm animals warm in winter but how to keep them 

cool in summer. 

11 7: Summary. The major concerns of this chapter are: (1) the mecna 
nism of homeothermy, and (2) the infiuence of environmental temperature 

Yaglou, C. P., J. Am. Med. Assn., 117, 1261 0941). 

Am. Med. Assn., 116, 474 (1941). 



TEMPER. [TURK /.V LIKE PROCESSES 


305 


on the speeds and efticienoies of life processes in animals, with applications 
to calorimetry and animal husbandry, llricf consideration is also given to the 
influence of environmental temperature on the physiologic reactions of man. 

Homeothermy is achieved by a number of de\ices including: (1) cooling 
by vaporization of moisture from the respiratory passages and skin (a curious 
fact in this connection is that the rate of respiration in non-sweating animals 
mcreases according to the Van’t Hoff-Arrhenius equation with respect not 
to body temperature, as might be expected, but to environmental tempera- 
ture); (2) developing insulating coatings (fat, fur, etc.) on approach of the 
cold season; (3) dilation or contraction of surface Irlood vessels by nervous 
mechanisms, thus exposing the blood to the surface for cooling, or removing 
from the surface for protection from cold; (4) changing the blood volume 
and blood concentration; (5) varying the rate of prodviction of metabolic 
hormone (acetocholin, adrenaline, thyroxine); and (G) changing tonus of 
muscles, thus changing the rate of heat production; (7) adopting certain 
behavior patterns (huddling, rolling up, spreading out, etc.). 

According to their ability to withstand high em ironmental temperature, 
homeotherms are divided into (1) profusely sweating animals, exemplified 
by men, horses, mules, and asses, who can withstand great heat, particularly 
in dry, moving air; (2) slightly sweating (or panting) animals, exemplified 
by cattle, sheep, swine, dogs, cats, rats, and rabbits, unable to withstand 


great heat. 

When a profusely sweating animal is placed in a hot environment it responds 
by sweating, and by sending its blood to the moist surface for cooling by va- 
porization of the sweat. This reduces the blood volume needed for carrying 
oxygen to the tissues. To compensate for this deficiency, the heart pumps 
faster, that is, the pulse rate rises. When a slightly sweating animal is placed 
in a hot environment, it responds not so much by sweating a.s by panting, 
that is, by a rapid but shallow respiration rate. The skin is not cooled be- 
cause it is relatively dry, and the blood is sent from the hot skin to the interior, 
with the result that the pulse rate declines. As the increased respiration rate 
in hot weather does not increase the vaporization rate to the same extent as 
sweating does, the slightly sw’eating animal becomes overheated at relatively 
low temperatures, with consequent increase in heat pioduction (maintenance 
cost), decrease in productivities, and decrease in efficiencies of the productive 
processes. Practical suggestions are presented for cooling non-sweating 
animals in hot environments by the use of wet, porous, sponge-and-fabric 

blankets as substitutes for sweat glands. 

Beginning with the “comfort zone”, farm animals, especially of the non- 
sweating class, are very much less sensitive to declining than to rising tem- 
perature. Thus the productivities, efficiencies, and comfort of farm animals 
are not reduced by decline in the environmental temperature from the comfort 
zone of 60° to 70° F (15-21° C) to perhaps 0° F, while raising the temperature 
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above 80'' F overheats and seriously reduces the productivities of non-sweat- 
ing farm animals, and to a less extent of sweating animals. Homeotherms 
have much more powerful methods for protection against cold than heat. 

Similarities and differences between the influence of environmental tempera- 
ture on productivities and etticiencies of homeotherms and poikilotherms are 
brought out, with special reference to the operation of the Van’t Hoff law 
in the two clas,scs of animals, as illustrated by decline in metabolism in poikilo- 
thei-ms and rise in homeotherms when the temperature falls below about 80° F 

or 27° C. 


% 



Chapter 12 

Methods in Animal Calorimetry 


The modern era of the science of nutrition was (tperied l>y Lavoisier in 17<Sn. 
Lavoisier (17-43-170-4) was the first to recoj^nize that aninial heat was de- 
rived from the oxidation of the body’s sulistance and he comjiared animal 
heat to that produced by a candle, 'flu* form (if T.avoisier’s apfiarafus is 
illustrated in two drawing's made by Madame Lavoisier. But tlu‘ metliod is 
unknown, for on May 8, 1704. T.avoisier was executed by the Paris Commune. 
Grahatri Lusk 

12.1: Principles. The two major biocalurimetric categories an^ direct and 
indirect. In the absence of anaerolnc, endothermic, and other unusual reac- 
tions in which the caloric ctiiiivalcnts of ()■* and VOi are unknown, the results 
of the two methods are in sulistantial agreement. lh.)th ar(^ equally simple in 
principle. In practice, since the direct method is much more expensive and 
complicated, it is rarely used, except when unusual metabolic reactions arc 
suspected and the caloric values of Oj or {'{)•* are in doubt. 

Both direct and indirect methods were originateil l>y LaA oishai-- in a year 
memorable in American and French history, 1777. LaAoisier then introduced 
the essentially modern chemical nomenclatiu-o, especially as it relates to ()\ygen 
in life processes, and demonstrated that living invohes oxidation. He de- 
fined life as a chemical process : “La vie est utie fonction cliimique'*, La\'oisier 
is thus the founder of modern nutrition as well as of modern chemistry. 

12.1.1: Direct calorimetry. Lavoisier and Laplace confined a guinea pig 
in a chamber containing a given weight of ice, and estimated the heat produc- 
tion from the amount of ice melted. The carbon dioxide exhaled was also 
collected. They found that the melting of a given weight of ice corresponds 
to the exhalation of a definite amount of carbon dioxide. They also meas- 
ured the heat production of a rabbit by the temperature rise in a given volume 
of water surrounding the animal chamber. Modern animal calorimeters 
apparently differ only in detail fi*om the Lavoisier models. 

About H of the body heat is dissipated by moisture vaporization which can 
be measured by absorption in such reagents as ILStL, Mg(C 104 ) 2 , and so on. 
About % of the heat is emitted by radiation, conduction, and convection, and 
can be measured by absorption in water. The total heat produced is the sum 
of the two. 


‘ See Lusk, CL, “The science of nutrition," 1028, C;imi)ter 1, for u fascinating historic 
outline of Lavoisier’s contributions. ... 
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The modern water calorimeter is a well insulated box, just large enough to hold the 
subject. The inside of the box is usually lined with copper, the outside with zinc. 
The two are connected by resistance thermometers so as to keep the outside zinc lining 
at the same temperature as the inside copper lining, thereby avoiding loss of heat from 

Tht d'rn?bc'r interior is kept at a constant temperature by water circulating through 
pipes attached to the ceiling. The heat absorbed by the water is computed from the 
amount of water flowing per unit time, and from the temperature difference between 
incoming and outgoing water. Thus, if 20 kg water flows per hour and the temperature 
of the water is TC higher at the exit than at the entrance, the heat absorbed by the 
water is 20 Cal. The heat of vaporization is determined by the weight increase of 
water absorbers. The vaporization of 1000 grams (1 liter) of moisture is equivalent to 

^*^°in comSnstJon calorimetry’ one chamber holds the animal while another, similar 
chamber has electric-resistance wires made to produce exactly the same amount of 
heat as that emitted by the subject in the other chamber. In differential calorimet y 
the rate of total heat supply is maintained constant, first with the calorimeter empty. 

oppAnd with tliG ^mm&l inside. ^ j 

The first modern respiration calorimeter was built by Max Rubner for a dog. It was 

oJvUed wHh an opoi-circuit (Pnltcnkofar-Voit) appar.atus. In thi, ”ay, RubneH 

Lmonstrated in 1894 that the heat measured by direct calorimetry is in substanti 

h Thin ..s amply con- 

firmed.* 

12 1 2: Indirect calorimetry. Indirect calorimetry was first used by 
Lavoisier and Laplace, who demonstrated that the exhalation by a guinea 
pig of a given quantity of carbon dioxide corresponds to the melting of a 
given weight of ice surrounding the animal. Indirect calorimetry is th^ 
based on the fact that, normally, O 2 consumption and CO 2 production a 

closely correlated with heat production. This may ^ 

oxidation equation for carbohydrate previously discussed (Ch. 2). 

CeH.jOe + 6O2 = 6CO2 + 6H2O + 678 Cal 
180 g 134.4 lit 134.4 lit 

The equation states in effect that the consumption of 6 inols (that is 
e X 24 4 = 134.4 lit) 0^, or the production of 6 mols CO 2 , m the oxida 
of a mol hexose (180 g) yields 678 Cal; therefore, the consumption of 1 ht 

Oa or the production of 1 lit CO 2 , yields for carbohydrate oxidahon 5 ^ 

Z orlsam S; or CO, produced, multiplied by 5.047. It may be ahowu 

> Benedict, F. G., and Lee, R. C-. G””!®'' .I“‘' °Te“/’'i3‘‘*p S’ (UIMb 


J. R., and Burton A. C « (1»); B.rrowa, W. M., Jr., and 

iliirlin J R Froc. i4m. 'SToc., 78, 483 (1938). 
ilUriin, J. 4-iA«.toAVion Warmn. 


rsSS'i^BrbnS Amuby; H. P., ■■^rrne.p.e. 

I Animal Nutrition.” 
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in similar manner that for tlie oxidation of mixed fat, 4.09 Cal is p;eneratc(l 
per liter O 2 consumed, or O.C Cal per liter CO 2 produced. 

For the oxidation of mixed protein 4.82 Cal i.? {generated per liter O 2 con- 
sumed or 5.88 Cal per liter CO 2 produced. (PHiiger’s “calorie coefficient of 
oxygen” is the ratio of heat produced in Calorics to O 2 consumed in g, 
which is about 3.5 for caibohydrates, 3.3 for fat, and 3.2 for protein oxida- 
tion.) 

Since the caloric equivalent of Oo consinned and CO 2 produced varies with 
the nature of substance oxidized, it is theoretically necessary to know the 
composition of the fuel mix (carbohydrate, fat, protein) oxidized. 

The amount of protein oxidized is computed from the urinary X excretion. 
Assuming that protein contains Ifi per cent X and that all urinary X is derived 
from protein oxidation, the protein catal)olized is estimated by multiplying 
the urinary N by 6.25 (- 1 ^^- = 6.25). These assumptions arc sufficient, 
although not literally true 


Thus only J to ^ of potato N is in protein form. Alfalfa, as well as potato, contains 
many non-protein nitrogenous compounds, such as stachydrinc, choline, adenine, 
trimethylamine, and betaine. Animal protein, such as casein, serum globulin, serum 
albumin, and also legume-seed protein contains 16 per cent N (conversion factor 6.25); 
cereal proteins contain 17-18 per cent N (conversion factor 5.8 to 5.0); oil-seed pro- 
teins contain 18-19 per cent N (conversion factor 5.3).^ 

The relative amounts of fat and carbohydrate oxidized are determined 
from the non-protein respiratory quotietit, R.Q. The R.Q. is the ratio of mols 
or volumes of CO 2 produced to mols or volumes O 2 consumed. For the oxida- 
tion of carbohydrates the R.Q. is unity, as shown by the foregoing oxidation 
equation for carbohydrate, 


6CO2 

6O2 


= LOO 


Conversely, when the non-protein R.Q. is 1 .00, it is assumed that carbohydrate 
is oxidized. 

The R.Q. for mixed fat is 0.71, although each fat has its distinctive R.Q. 
The short-chain fats have an R.Q. nearer 0.8: 


C,H6(CH3CH2C0 0)8 

R.Q. 


4- 37O2 = 3OCO2 + 26H2O 


30 


The long-chain fats have an R.Q. nearer 0.70: 

2 C,HdCH,(CH 2 ), 3 CO-Ol, + 14502 = 10200* + 86 H 2 O 

102 

R-Q- = 777 = 0.703 

145 


Jones, D. B., U. S. Department of Agriculture Circular, 183, 1931 
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The K.Q. for mixed protein is 0.81, although, as fats, each protein and amino 
acid has its distinctive R.Q. The oxidation of the amino acid alanine may 

vield an R.Q. of 0.83. Thus 

2CHjCn(NH2)2COOH + 6O2 = CO(NH2)2 + 5CO2 + SlhO 

R.Q. = 1 = 0.83 

0 

However, other amino acids and other conditions (Ch. 4) may yield different 
values. 


Table 12.1.-Thermiil Equivalents of O2 and CO2 and the Corresponding Percentages 
f 1 r’^~iv,xV,,r.riT.rt*rtcs AvifiiTo/l fnr Diffnrout Rcspiratorv Quotients (R.Q.) . 


R.Q. 


0.70 

0.71 

0.72 

0.73 

0.74 

0.75 

0.76 

0.77 

0.78 

0.79 

0.80 

0.81 

0.82 

0.83 

0.84 

0.85 

0.86 

0.87 

0.88 

0.89 

0.90 

0.91 

0.92 

0.93 

0.94 

0.95 

0.96 

0.97 

0.98 

0.99 

1.00 


CO2 


02 


C’al/lit 

Cal/lit 

4 

Cal/gm 

4.686 

6.694 

3.408 

4.690 

6.606 

3.363 

4.702 

6.531 

3.325 

4.714 

6.458 

3.288 

4.727 

6.388 

3.252 

4.729 

6.319 

3.217 

4.752 

6.253 

3.183 

4.764 

6.187 

3.150 

4.776 

6.123 

3.117 

4.789 

6.062 

3.086 

4.801 

6.001 

3.055 

4.813 

5.942 

3.025 

4.825 

5.884 

2.996 

4.838 

5.829 

2.967 

4.850 

5.774 

2.939 

4.863 

6.721 

2.912 

4.875 

5.669 

2.886 

4.887 

5.617 

2.860 

4.900 

5.568 

2.835 

4.912 

5.519 

2.810 

4.924 

5.471 

2.785 

4.936 

5.424 

2.761 

4.948 

5.378 

2.738 

4.960 

5.333 

2.715 

4.973 

5.290 

2.693 

4.985 

5-247 

2.671 

4.997 

5.205 

2.650 

5.010 

5.165 

2.629 

5.022 

5.124 

2.609 

5.034 

5.085 

2.589 

5.047 

5.047 

2.569 


1 *^02 Consumed by 

Carbohy* ‘ 
drates 

Fat 

0 

100 

l.O 

99.0 

4.4 

95.6 

7.85 

92.2 

11.3 

88.7 

14.7 

85.3 

18.1 

81.9 

21.5 

78.5 

24.9 

75.1 

28.3 

71.7 

31.7 

68.3 

35.2 

64.8 

38.6 

61-4 

42.0 

58.0 

45.4 

54.6 

48.8 

51.2 

52.2 

47.8 

55.6 

44.4 

59.0 

41.0 

62.5 

37.5 

65.9 

34.1 

69.3 

30.7 

72.7 

27.3 

76.1 

23.9 

79.5 

20.5 

82.9 

17.1 

86.3 

13.7 

89.8 

10.2 

93.2 

6.8 

96.6 

3-4 

100 

0 


% Heat produced by 
oxidation of 



Fat 


0 

1.1 

4.8 
8.4 

12.0 

15.6 

19.2 
22.8 

26.3 

29.9 

33.4 

36.9 

40.3 

43.8 
47.2 

50.7 

54.1 

57.5 

60.8 

64.2 

67.5 
70.8 

74.1 

77.4 

80.7 
84.0 

87.2 

90.4 

93.6 

96.8 
100 


100 

98.9 

95.2 

91.6 
88.0 

84.4 
80.8 

77.2 

73.7 

70.1 
66.6 

63.1 

59.7 

56.2 

52.8 

49.3 

45.9 

42.5 

39.2 

35.8 

32.5 

29.2 

25.9 

22.6 

19.3 
16.0 
12.8 

9.6 

6.4 

3.2 

0 


Table 12.1, after Lusk, originally (1901) after ^ ^ 

equivalents of 0, and CO, for different non-protein R.Q. values , and Ta 
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12.1A illustrates the metluul of compiitiii"; lieat production employing the 
R.Q. and urinary-nitrogen methods. 

In most cases it is not necessary-, often not c\ en advisable, to employ the 

elaborate method given in Table 12.1 A for estimating metabolism because the 

R.Q. does not always have the rigorous significance given it in the above 
considerations and in Table 12.1. 

Thus, cattle and other ruminants produce huge quantities of CO^ in the 
digestive tract (Ch. 2) by anaerobic bacterial fermentation and bv liberation 


Table 12. lA— Computing Energy Metabolism and Xon-protein R.Q. from the Urinary 

N* and Respiratory E.Kchangc. 

(Data re-arranged from Lusk's book, p. 69 (1!)‘2S) on a 12.7o-kg dog) 

(1) G urinary N excreted/hr 

(2) G "protein” oxidized (1 X 6.25) 

(3) G CO 2 associated with protein oxidation (1 X 9.35) 

(4) G O 2 associated with protein oxidation (1 X 8.49) 

(5) Liters CO 2 associated with protein oxidation (3 X .5087) 

(6) Liters O 2 associated with protein oxidation (4 X .6998) 

(7a) Total e CO 2 exhaled/hr 
(7b) Total liters CO 2 exhaled/hr (7a X 0.509) 

(8a) Total g O 2 consumed/hr 
(8b) Total liters O 2 consumed/hr (8a X 0.6098) 

(9) Liters non-protein CO 2 (7b — 5) 

(10) Liters non-protein O 2 (8b — 6) 

(11) Non-protein R. Q. (9/10) 

(12) Overall R.Q. (7b/8b) 

(Indicating that overall and non-protein R.Q. are not likely to differ 
much.) 

(13) Caloric value/lit O 2 at given R.Q. (0.79) 

(14) Non-protein Calories (10 X 13) 

(15) Protein Calories (1 X 26.5) 

(16) Total Calories by indirect calorimetry (14 + 15) 

(17) Calories by direct calorimetry 

(18) Difference between direct and indirect calorimetry, 0.46 Cal, or 2.3 per 

cent 


• 1 g urinary N derived from protein is associated with the consumption of 5.91 liters 
or 8.49 g O 2 and the production of 4.76 liters or 9.35 g CO 2 , and production of 26.5 Cal- 
ories. 1 g O 2 = 0.6998 lit. 1 g CO 2 = 0.509 lit. The oxidation of 1 g fat (tripalmitin) 
is associated with consumption of 2.01 liters O 2 and production of 1.41 liters C02- the 
oxidation of 1 g starch is associated with the consumption of 0.83 lit O 2 and production 
of 0.83 lit CO 2 . The non-protein R.Q. is estimated by deducting the liters of protein 
CO 2 produced (g urinary N X 4.76) from the total liters C02 produced, and the liters of 
protein O 2 consumed (g urinary N X 5.9) from the liters of total O 2 consumed. 

of CO 2 from bicarbonates. This extra-metabolic CO 2 cannot be distinguished 
from the respiratory-metabolism CO 2 . Under such conditions the R.Q. has 
no metabolic significance, and, of course, the quantity of CO 2 production 
cannot be taken as a measure of metabolism. Under such conditions the rate 
of oxygen consumption is the best measure of heat production. Incidentally, 
under such fermentation conditions, direct calorimetry would not indicate 
with precision metabolism in the body proper, as it would include the heat of 
fermentation, 

Excess CO 2 may also be liberated under conditions of acidosis, such as 


0.136 

0.850 

1.272 

1.15 

0.647 

0.805 

6.75 

3.44 

6.17 

4.32 

2.79 

3.52 

0.79 

0.80 


4.789 

16.86 

3.60 

20.46 

20.92 
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kotosis, and of overventilatioii in general. On the other hand, CO 2 may be 
stored under eonditions of alkalosis. A low R.Q. may also result from 
incomplete oxidation, formation of sugar from protein, fat, and other sub- 

si itnccs* 

\loixmver, as shown in Table 12.1, while the range in caloric equivalents 
of (’O 2 is relatively wide, from 5.0 to 0.7 Cal per liter, the range of caloric 
eciuivalent of ()•• is relati^•ely narrow, from 4.7 to 5.0 C’al per liter, an extreme 
range of 7 per eeiit, or a deviation of about 3.5 per cent from the mean value 
(when the R.(J. is 0.82), which is within the limits of experimental error in 

metabolism measurements. 

Furthermore, since the average R.Q. of protein is 0.82, which correspon^ 
to the average caloric value of O 2 of 4.825 Cal per liter, no correction need be 
made for protein metabolism when measuring energy metabolism by oxygen 
consumption. (Benedict reported 4.7 Cal per liter O 2 for protein.) 

The simplest and, under normal conditions, perhaps the most accurate, 
method for measuring energy metabolism is, then, by the rate of oxygen con- 
sumption, as fed from a calibrated oxygen container, and computing the heat 
production by the caloric value of oxygen, c.g., 4.825 Cal/liter, correspondmg 

to R.Q. of 0.82. , 

The basal metabolism in humans is measured about 12 hours after the pre- 
ceding meal, when the R.Q. is about 0.82. , . r 

We» have adopted this method for measuring the energy metabolism 0 

farm animals-cattle, horses, sheep, swine, and goats; and ^ave even 
measured the metabolism of elephants by this method>“, the results of wh ch 
agreed satisfactorily with those published later by Benedict‘b Let us toibe 

this method of measuring metabolism m detail, after a J. 

To summarize, energy metabolism may be measured by (1) dir^t cahr^ 
etry, by absorption of the heat in a water jacket and collectmg the expii 
moisture or by related methods; (2) indirect calorimetry, by me^urmg 2 

nitrogen exc-etion. For most purposes-when the ^ 

‘ndirTt cataimefry is more reliable than direet. and 

consumption alone gives as good, sometimes better, results'- than measuring 

CO 2 production and the R.Q. 

’ Brody, S., Univ. Missouri Agr. Exp. Sta Res. - 
‘’“t'-pofobiSons again.. 0, consumption as index 

vantages of OOs as metabohe see ams, . , Hopkins Hosp.Bulk, ^ 

Revts , 86, 56 (1935), and 87, 107 (19f')- 't Canadian Med. Assn., 16, 638 

?77 (1921)’. Rabinowitch I. M-, and Bazm I' Vore o-sCt R.Q- change 

;nt:ol™SroT&T.f ; Co“.‘ combya.i,n product while change, m 0. 

may beX to Changes in fat-C.H. interconversions. 
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The indirect biocalorinietrie met hods are divitleil into (I ) cloml-circuit lijpc 
(Repiault and Reiset, 1849), invoh iii}; relneathing tlie same air after remov- 
ing its COo by circulating through alkali [soda lime, BafOIl). solution, etc ] 
and replacing the consumed 0. by fresh Oo; (2) open-circuit type (Petteiikofer 
and Voit, 1802), involving the circulation of outside air through the system. 
Examples of each system of measuring metal)olism are described below. 

12.2: Methods of indirect calorimetry. Since direct biocalorimetry is not 
often used, the discussion is confined to indirect methods. 

12.2.1: Closed-circuit spirographic-mask method for farm animals. 4'liis 
method is illustratcrl in higs. 12.1 to 12.7. Its use for measuring human 
“basal” (or “standard”) metabolism was made generally known by Henc- 
dieP’ and associates. It consists in connecting the pulmonary system of the 
subject to an oxygen spirometer, and measuring the rale of oxygen consump- 
tion by the rate of decline of the oxygen bell. As shown in Fig. 12.1a, after 
Roth’’ and Collins''’, the air is circulated freely through the porous soda lime 
in one direction by the valves, V. The oxygen bell, B, which floats freely 
in the water seal, is counterbalanced by a weight, and so will not rise or fall 
except when acted upon by the circulating air. The decline of the bell is 
recorded graphically on the kymograph drum, K. The latc of oxygen 
consumption is computed from the slope of this grai)hic record. 

Note from Fig. 12.3 to 12.6 that the animals are entirely at ease in natural 
positions, completely under the operator’s control. There is thus no problem 
in “correcting” for standing and for other uncontrolled activities encountered 
by the use of the respiration-chamber method of measuring metabolism. 

The clock-kymograph (K in Fig. 12.1) records the rate of oxygen con- 
sumption graphically. A typical graph is shown in Fig. 12.7. Note that the 
slope, not necessarily the absolute decline, in the oxj'gen bell, is used for 
computing the rate of O 2 consumption. 

The oxygen bell {B in Fig. 12.1) is of a size to produce an oxygen-consump- 
tion line of reasonable slope (Fig. 12.7). The oxygen bell used for human 
metabolism by the Benedict-Roth method has a volume of 20.73 cc per 1 
mm height. This oxygen volume has a caloric equivalent of 0.1 Cal (under 
STP conditions, assuming an R.Q. of 0.82 with a caloric equivalent of 4.825 
Cal per liter). This bell size was adopted to facilitate computation. Roth 
measured the decline in slope for a 6-minute interval: a 1-mm slope per 6- 
mmute interval corresponds to 0.1 Cal per 6 minutes, or 1.0 Cal per hour. 
Likewise, a 50-mm rise in 6 minutes corresponds to a heat production of 50 
Cal per hour. Table 12.2 presents the relation between diameter, cross- 
section area, and cc per mm height of oxygen bell employed in our work. 

When using the Benedict-Roth size spirometer the slope of the spirograph 

“Benedict, F. G., and Collins, W. E., Boston Med. and Sura. J., 183 449 n92()V 
Roth, P., Id. 18^ 222 and 228 (1921); 186, 457, 491 (1922). « < , J UJzu;, 

Collins, W. E., 555 Huntington Ave., Boston, Massachusetts, maker of metabolism 
apparatus. 
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in min jicr (i minutes is multiplied by a factor to reduee it to standard tem- 
perature. pressure, and humidity (see Table 12.3). The resultins value cor- 
responds to the heat production in terms of Cal per hour. If there js a 
temperature rise in the oxypen bell durinR the (1 minutes, h mm per °C is 



Fig. 12 . 1 a— Benedict-Roth-Collins clinical metabolism apparatus. 


added to the rise of the O2 consumption line before the other 
are made. The oxygen-spirometer method for 

originated (1887) by Fredericq" and perfected by Benedict and associates 

in the United States and by Krogh'® in Europe. 

.^Fredericq, L.. Arch, de Biol., 3 , 687.(1887); ako in J\emer^ts de physiologic hu- 

main? 2nd ed., im, and in ‘‘Ma^ulat.ons de giy^ 

“ l6ogh, A., Boston Med. and Snrg. J ., 189, dlS 
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As previously noted, tlic ndvantnge of usiiiK this f>f;iphic spirometer method 

for measuring ruminant metalmlism is that tlie digestive-tract t’Oo exhaled 

by these animals is al)Sorl)ed in soda lime (Fig. 12.1a) and is thus eliminated 
as a complicating factor. 


Slit Of MACHINE 

^10 s 



Fig. 12.1b— "Wc employed o.xygen-bell sizes ,V, . i, i, 1 , 2, 4, 8, 16, and 32, dependiiiK on 
Uie size of the animal, bizc 1 is that used in the standard Heiiedict-Roth annarjitiiK 

I xrrxlttw^^ rif\ L-.! .-U i \ ^ A a ^ ^a,1 i . • % y * ct tUO 


(volume of 20.73 cc per mm height) and the others are multiples J, etc.) of the $ 1 

size. The given numerical values are here tabulated and plotted against the bell size 
on a logarithmic grid.” 

This method would indeed be ideal for ruminants except for the fact that 
they also exhale some CH 4 (after its absorption into the blood stream from 
the rumen'7) which may accumulate in the oxygen bell, so that the decline 

C/. Mclver, M, A., Redfield, A. C., and Benedict, h,. B,, “Gaseous exchange be- 
tween blood and digestive tract, Am. J. Physiol. ,76, 92 (1926), ^ 
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Taiu.k 12.2.— Spirometers ('lassifie<l by Macliine Size. 


Machine Nt). 

Diameter (cm) 

Cross-section 
area (sqcm) 

CC/MM Height 

Volume of bell 
(liters) 

Cal to mm of 
Height 

0.1 

0.2 

0.5 

1 

2 

4 

8 

16 

32 

5.15 

7.27 

11 .49 
16.24 

22.98 

32.49 
45.95 

64.98 
91.90 

20.73 

41.46 

103.6 
207.3 

414.6 
829.2 

1658.4 

3316.8 

6633.6 

2.07 

4.15 

10.40 

20-73 

41.46 

82.92 

165.8 

331.7 

663.4 

0.74 

1.48 

3.69 

7.38 

14.76 

29.52 

59.04 

118.08 

236.16 

0.01 

0.02 

0.05 

0.1 

0.2 

0.4 

0.8 

1.6 

3.2 


Spirometers Classified by Diameters 


Diameter (cm) 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 


Cross-section 
area (sqcm) 


,785 

3.142 

7.069 

12.57 

19.64 

28.27 
38.49 

50.27 
63.62 
78.54 

113.1 

153.9 

201.1 
254.5 

314.2 

380.1 

452.4 

530.9 

615.8 

706.9 

804 . 3 
907.0 

1017.9 

1134.1 
1256.6 

1385.4 

1520.5 

1661.9 


CC/MMHcight 


.0785 
.3142 
. 7069 
1.257 

I . 964 
2.827 
3.849 
5.027 
6.362 
7.854 

II . 31 
15.39 
20.11 
25.45 

31.42 
38.01 
45.24 
53.09 
61.58 
70.69 

80.43 

90.79 

101.79 
113.41 
125.66 
138.54 
152.05 
166.19 


Diameter (cm) 


48 

50 

52 

54 

56 

58 

60 

62 

64 

66 

68 

70 

72 

74 

76 

78 

SO 

82 

84 

86 

88 

90 

92 

94 

96 

98 

100 

102 


Cross-section 
area (sqcm) 


1809.6 
1963.5 

2123.7 
2290.2 

2463.0 

2642.1 

2827 . 4 

3019.1 

3217.0 

3421 .2 

3631.7 

3848.5 

4071.5 

4300.8 

4536.5 

4778 . 4 

5026.5 

5281 .0 

5541.8 

5808 . 8 

6082 . 1 

6361.7 

6647.6 

6939 . 8 

7238 . 2 

7543.0 

7854.0 

8171.3 


CC/MM Height 


180.96 
196.35 
212.37 
229.02 
246 . 30 

264.21 
282.74 
301.91 
321.70 
342.12 

363 . 17 
384.85 
407.15 
430.08 

453 . 65 
477.84 

502.65 
528.10 

554.18 
580.88 

608.21 
636 . 17 
664.76 
693.98 
723.82 
754.30 
785.40 
817.13 
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Fig. 12.*1 — See caption of 12.2 
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Fig. 12.6— See caption of 12 
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in the oxygen boll duo to the' oonsuniptiun i))' its oxygon will l)o loss by tlio 

volume of CHj aooumuhitod. llowovor, as sliown in Fig. 12.!)a, tho orror 

introduced thorcl)y is iolati\oly sliglit, ix'ihaps 3 per cent, 8 to 12 hours after 

feeding. The oxygon consumption was moasurod rogulaiiy before tho 

morning feeding. Tho graphic spiromotor method, of courso, involves onlv 

% 

a part of the CH^ eliminated, not that eliminated by reet\im or ivf^urgitated 
by the esophagus, because such more or less sudden gas elimination is gra|)hi- 
cally recorded, and the metal>olism is measured by the smooth slope of the 
graphic record, not by the absolute change in height of the oxygen bell. 

Fig. 12.8a presents observations on the relative heat production in goats 
obtained by the spirometer method which involves the CH4 error (li) and by 
the open-circuit method which does not involve tlic CH4 error (A); also bv 
the spirometer method after coi-rccting for by analysis of the spirometer 
atmosphere for CII4 (C, D). 



■ — ' ■ ■ • - - • 

Fig. 12.7— A six-minute spirogram from which the rate of oxygen ponsumption 

is computed. 


Fig. 12.8b presents data on methane production obtained by the spirom- 
eter open-circuit methods on both cows and goats; it demonstrates a very 
rapid decline in methane production following feeding. The methane error is 
inappreciable 48 hours after feeing; postabsorptive metabolism measured 
by the oxygen spirometer method docs not suffer from the methane error. 

12.2.2; Closed-circuit-chamber system for smaller animals*^ As pre- 
viously noted, the closed-circuit method was originated by Rcgnault and 
Reiset’®, Fig. 12.10 represents the original Regnault-Reiset apparatus. The 

(Text eonCd on p. 3t5) 

“See Du Bois, E. F., “Metabolism in health and disease" for closed-circuit respi- 
ration chambers for humans. 

“ Hegnault, V., and Reiset, J., “Rdcherches chimiques sur la respiration des animaux 
dea diverses classes," Ann. Chim. et de Physique, 26, 299 (1S49). 




320 


HIOENERGETICS AND GROWTH 


TO 

c 

o 


o 

O 


u 


ci 

C/!} 


0 

■p 


c 

o 

bC 

y. 

O 


• 


TJ 

O 

cj 

•p 

d 

O) 


t- 

o 

p 

o 

c5 




S 


E 

d 

> 


a. 

a ® 
a ® 


o 

CO 


O 

CD 


^ r\ 

o O 

e° 


+ 


o 

> 


>> 

u 


-d 

> 

o 

TO 

o 


Q 


CD 

fO 

o 


■'A 


+ 


d 


bC 

C 


c 

3 

'O 

<D 

Ph 


3 

a 

(n 

o 


o 


* 

TO 

o 

p 

V 

d 


C 

o 


V 

o 

Im 

o 

a 


CO 

Dl 


E-» 




«9* 

o 

X 

04 

OC 

•f* 

c 

X 


0* 

X 

X 


o 

X 

04 

0- 

X 

X 

X 



04 

o 


o 

0 


4 

oi 

X 

X 



X 


X 



X 

X 

o 

o 

o 


mm 

04 

04 

X 



X 

X 

<D 


X 

X 

» 

t- 

• 

s 

I'* 

• # 

• 

1 

C'** 

# 

1^ 

# 

\> 

• 

I- 

• 

t'. 

« 

t'. 

• 

• 

• 

X 

• 

X 

• 

X 

X 

• 

X 

« 

X 

• 

X 

• 

X 

X 

# 

X 

• 

X 

9 

X 

X 

« 

1 


X 

»/5 


X 

X 

CO 


o 

1 

1 

X i 


h- 

X 

04 

1 

X 


o* 

04 

X 

X 

o 

o 

04 

hi. 

X 

oa 

X 

e 

04 

04 

X 



X 

X 

X 



X 

X 

04 

o 

o 



X 

04 

X 



X 

X 

o 

X 


•r 

X 

r*** 

« 


t- 

• 

r-* 

• 

!*• 

• 

/>• 

# 

/•V 

• 

!•* 

• 


I'- 1 

• 

• 

• 

t^ 

X 

« 

X 

9 

X 

• 

X 

« 

X 

• 

X 

• 

X 

9 

X 

■ 

X 

1 

X 

* 

X 

% 

X 

• 

X 

• 

1 

1^ 

X 

04 

X 

1 


X 

C4 

X 

o ! 

X 

04 

X 


o 

o 

04 

0* 

X 

X 

X 


hi* 

X 

C4 

X 

o 

6 

04 

X 

X 


X 

X 

o 

X 


X 

X 

C4 

C4 

o 



04 

04 

X 

X 


X 

X 

<D 

X 

h» 

X 

X 

X 

r^. 

# 

V y 

t-^ 

1 

t-^ 

4- 

% 

# 

I'* 

• 

t'* 

# 

o* 

• 

# 

t'- 

9 

4*^ 

• 

X 

« 

oo 

« 

X 

9 

X 

9 

X 

• 

X 

9 

X 

X 

9 

X 

9 

X 

4 

X 

• 

X 

« 

X 

• 

X 

• 


o 


cj 


a 

£ 

H 


0 

04 

X 

1 

.732 

.738 

.744 

.749 

.755 

^ h- X oa X 

CD X In. t'* X 

ii. tN. t>* 

• • • • • 

^ X 04 X ^ 

oa oa O O ^ 

|N. X X X 

O CD 04 X ^ 

04 04 X X ^ 

X X X X X 

• • • • • 

.849 

.855 

.861 

.867 

.873 

.879 

.885 

X 

.736 

.742 

.748 

.754 

.700 

k 

1 

X ^ 0- X 0> 

X h* !*• X X 

i'^ 1*^ !*• 0* 

X ^ r* X X 

ci o © — ^ 

X X X X 

1/5 ^ CO X 

04 X X ^ ^ 

X X X X X 

• • • • « 

.854 

.860 

.866 

.872 

.878 

^ © 
X 05 
X X 

• ff 

a 


0 

O 


O O 00 ^ 
^ UO O 
!*<• !*« 1^ 


c o oc ^ 

t- I- 00 00 o> 


o o CO ^ 

o o — ^ M 

00 00 CO CO cc 


O CD CO 
CO CO V ^ 

CO 00 00 cc cc 


s 


O Ut co 

lO CD i>- 00 

op 00 CO CO 00 


O Mp 
CO o 
CO CO 


cs 

4 

^ O © 04 X 
n* W5 © © 

l^ 

.774 

.780 

.786 

.792 

.798 

.804 

.810 

.816 

.822 

.828 

.834 

.840 

.846 

.852 

.857 

1 X © © ^ 1^ 

' © © fN* X X 

, X X X X X 

1 ( • • • • 

X © 
© © 
X X 

• • 

d 

X 

04 

X ^ O © 04 

^ 4/5 © © I"* 

!-.• t-m 1- 

• • • • • 

.778 

.784 

.790 

.796 

.802 

.80S 

.814 

.820 

.826 

.832 

x-^o©*- 

CP ^ ^ © 

X X X X X 

• • » • • 

.807 

.873 

.879 

.885 

.891 

1 

0* X 
a> o 

X © 

• « 

0 

04 

.752 

.758 

.764 

.770 

.776 

.782 

.788 

.794 

.800 

.806 

.812 

.818 

.824 

.830 

.830 

.842 

.848 

.854 

.860 

.865 

.871 

.877 

.883 

.889 

.895 

^ fN* 

o o 

© © 

» • 

0 

o 

04 

© 04 X O 

4/5 © © 1- X 
!• t- In. |i. 

1 • » « « • 

.780 

.792 

.798 

.804 

.810 

.810 

.822 

.828 

.834 

.840 

© 04 X ^ O 

^ © Up © © 

X X X X X 

• • • • • 

© ^ !•- X O 

X X © © 

X X X X X 

• • • • • 

© ^ 
o ^ 
© © 

4 4 

i 


0 

<N 


^ t'* CO c 
<D O 1^ I 
t'* I'* !• 


40 

op 


CO O 4D 

o o o o 

CO X oo 


— 1^ CO O 

M CO CO 2 

X X X X X 


CO o X 
X 40 <D o 
X X X X X 


^ CO o wo 

X X o o o 

X X X X o 


o o 


0 

t 

cs 


1/5 ^ t>. Cf^ ^ 

X X X 

1*^ !■• 1*^ 


<*5 Ci 
OOO^ — 
t'* X X X X 


1/5 ^ O 

C4 X X 3* s 

X X X X X 


4/5 X o 

4/5 X X C** C*» 

go X X X X 


« - ^ s s 


X o o 
X X X o o> 


40 ^ 
O 04 


c 

CM 


o wo X 

CD I'- X X o 

r^ t'- t-* I- 


04 40 ^ CO 

04 O C4 

1-^ X X X X 


04 X ^ CO 

c^ CO ^ ^ 4/5 

X X X X X 


C4 W5 X 

4/5 X I'- X 

X X X X X 


C4 X ^ t X 

X C4 o o 

X X C4 C4 04 


X o 

^ 04 
X X 


0 

X 


h* X 04 X 04 
X X X o ^ 
W 00 


X ^ o 

^ 04 X 
XXX 


r* X 
X ^ 
X X 


© 


b- 

X 

© 

© 

© 


X 

• 

X 

» 

X 

• 

X 

• 


C4 O 04 X 3* 

/'•• X X X o 

X X X X X 


o O 04 X wo 

^ ^ 04 04 X 

C4 X X X X 


^ X 
X X 


g 


X o 

X X X r« 
X X O <D X 


415 O 40 O X 

X X X X 

X X X X X 


g x O X o 
^ ^ ^ C4 
o* 


lO O 4/5 O X 
04 X X ^ ^ 
1'^ O* 


g 


X o 
X X X P* 
^ 


X o 
0« X 
O- 


94 


PS S *3 ® 


- 




4) d 


t 

04 

n 

.773 

.779 

.785 

.791 

.797 

1 

X © © -^ 0^ 

' o O — 04 X 

1 X X X X X 

1 

.833 

.839 

.845 

.851 

.857 

.803 

.869 

.875 

.881 

.887 

t 

X © © ^ 

© © o ^ ^ 

X X © © © 

« « • • • 

X o 

04 X 

© © 

• • 

9 

CN4 

.777 

.783 

.789 

.795 

.801 

b* X © © ^ 

o ^ ^ 04 X 

X X X X X 

* » « • • 

.837 

.843 

.849 

.855 

.861 

.867 

.873 

.879 

.885 

.891 

.897 

.003 

.909 

.915 

.921 

4 

t- ^ 

04 X 

© © 

• • 

0 

O 

CN 

O © 04 X © 

X X © © o 

r** !"• h^ X 

• • « » 1 

.812 

.818 

.824 

.830 

.836 

.842 

.848 

.854 

.860 

.800 

1 

Oi X ^ o © 

r* |n« X © © 

X X X X X 

• • • » * 

1 

.902 

.908 

.914 

.920 

.920 

.932 

.939 

0 

© 

.784 

.790 

.790 

.802 

.809 

.815 

.821 

.827 

.833 

.840 

© 04 X ^ O 

^ © © © r* 

X X X X X 

k • 4 • • 

.876 

.882 

.888 

.894 

.900 

© 04 X ^ O 

Q ^ ^ C4 CO 

© © o © © 

• » « • • 

.936 

.043 


e 

,791 

.797 

.803 

.809 

.816 

.821 

.827 

.833 

.841 

.847 

.853 

.859 

.865 

.871 

.877 

X O X 04 X 

' X © © O O 

X X X © © 

» • • « « 

^ o © 04 © 

^ 04 04 X X 

© © © © © 

» • • • • 

1 

© ^4 
^ © 

© © 

« • 

C 

© 

^ o © X © 

© o © ^ ^ 

X X X X 

♦ • » • • 

.825 

.830 

,837 

.844 

.850 

.856 

.802 

.868 

.874 

.881 

.887 

.894 

.900 

.906 

.912 

.918 

.924 

.930 

.936 

.943 

© © 

^ © 

© © 

» • 

0 

© 

1 

.798 

.804 

.810 

.816 

.822 

X ^ X ^ 

04 X ^ ^ ^ 

X 00 X X X 

« » • • • 

.860 

.866 

.872 

.878 

.885 

.891 

.897 

.904 

.910 

.910 

.922 

.928 

.934 

.941 

.947 

^ O 
© © 

© © 

• 4 


D 























































































Table 12,3A.— Values Extrapolated from Table 12.3. 
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HOURS FAST 

Fie. 12.8a— The decline in apparent heat production with time after feeding in goats 
determined by: (A) open circuit method corrected for CI^; (B) spirometer method not 

in the spirometer; (D) spirometer method corrected for CH^ ond changes in the R. Q. 
determined for alternate 30-minute periods by open-circuit method. 
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Fig. 12.9b-Apparent and “true” 11 . Q. after corrected for fermentation CO, in cows 
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writer has seen a niodification of it used by Professor Otto Kestner iir Ham- 
burg. In this country Kleilrer-" uses a modification for measuring the metabo- 
lism of rats, and Winchester-^ for chickens. We-- employed similar ai)paratus 
for small laboratory animals from mice to chickens. The following description 
is for Winchester’s apparatus constructed in the writer’s labaratory for the 
domestic fowl. One of the four independent respiration chambers i.s illus- 
trated in Fig. 12.11a. Fig. 12.11b is a photograph of both oui' largo (fowl) 
and small (rat) apparatus. At least the Mariotte bottles show ckairly. 


This apparatus consists of 4 parts: (1) constant-temperature eahinet; (2) burette 
system (8-liter capacity) consisting of three tul)es (110 em long), two large (7 cm in 
diameter) and one ordinary titration burette, 1 cm in diameter, all intcrcoiinectcd so 
that they have the same water level (1.0 cc in the burette eorresi)()nd.s to 71 ce in the 
entire burette system composed of the three tubes); (.3) Mariotte bottle; (1) (.'O, ab- 
sorbers. There are also auxiliary items, including pressure gauge; equilibrator, which 


adjusts temperature of water in Mariotte bottle to that of chamber, and Oj concentra- 
tion of the water to that prevailing at chamber temperature; O 2 spirometer, which keeps 
air out of the top of the Mariotte bottle by connection with pure Oq rocking mechanisms; 

fans; and so on. 

Because of the sensitiveness of gas volume to temperature change, the apparatus i.s 


kept in a constant-temperature cabinet. Four lOO-watt electric lamps, wliicli arc 
connected to a relay switch controlled by a mercury-acetone thermo-regulator, together 
with two 10-inch fans, keep the cabinet (194 X 43 X 122 cm) temperature constant (at 

30° C) within 0.1° C. 

The rate of O 2 consumption is measured by the rise of the water in the burette. As 
the O 2 from the burette system is consumed, it is replaced by water which automatically 
flows from the Mariotte bottle wiicncver the pressure at the siphon tube outlet falls 
below that at the inlet. (In the Mariotte bottle the bottom of the O 2 inlet i.s at such a 
level that the pressure of II 2 O above it plus the pressure of the air above tlic water lev(4 

is equal to the pressure at the siphon tube outlet.) 

The CO 2 is absorbed in the battery by a saturated Ba(OII )2 solution, prepared by 
mixing 100 cc each of 2A^ KOH and molal BaCb. The Ba(OII) 2 -soIution battery consists 
of 2 sets of two flat-bottomed flasks (each 500 cc for chickens) joined near the bottom by 
a glass tube. The alkaline solution flows from one flask to the other, alternately drawing 
air from and returning it to the chamber (at the rate of 12 liters per minute). 


The rate of O 2 consumption is easily and accurately measured by the rise of water 
in the burette. The CO 2 production is determined by titration of the standardized 
alkaline C 02 -absorbing solution. The R.Q. is computed from the CO 2 and O 2 values. 

If the R.Q. is not needed, the rate of O 2 consumption is measured by reading the 
burette at 10-minute intervals until several successive readings check. In this manner 
the metabolism may be estimated in 1 to hours instead of the 2 to 4 hours required 
when the R.Q. is determined. 

The 02 -con 8 umption measurements do not begin until after the animal has been in the 
chamber for i hour, in order to (1) accustom the animal to the chamber, (2) bring the 
system to the standard temperature (30° C), (3) establish an equilibrium between the 


Klpiber M respiration apparatus for serial work with small animals, par- 

ticularly rats,’’ '(/mV, Cak 

** Winchester, C. F., '‘Seasonal metabolic and endocrine rhythms in the domestic 
fowl ” Univ. Missouri Agr. Exp. Sta. Res. Bull., 315, 1940. 

”*Kibler H. H., and Brody, S., “Metabolism and growth rate of rats,” J. Nut., 24, 

461 (1942). ’ 
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Fie 12 lla-A unit of the 4-chamber Reg 

Chester in our laboratory for measi 


I 


Mhynion.^ i\ A\ni.\i. r.i/.n/^/.v/.T/i’v 




Fig. 12.nh~Uognault-l{(Mset apparatus, riglil s-cliaiiiluT apjiaraliis for lats, lf*ft 

■t-cliainhor apparatus for cliick^ais, aiul raMuts. 



Fig. 12.11c— Regnault-lleiset apparatus. 


S 
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nhsorhing rate of the battery and the COrproduction rate. (The chamber air contains 
about 1 per cent CO; at the end of the first half, and this concentration remains 

approximately constant throughout the trial.) , 

Our rat-apparntus burette system has an 0; capacity of 1 lit ( cc m the graduate 

burette corresponds to 10 cc in the system; length of the burette, 106 cm) The chamber 

volumes are 1.0 to 1.2 liters. The temperature is controlled by ISO-watt chromnickel 

resistance coils (instead of light bulbs.) 


ACID 

supfir 



Fig. 12.12— Titration arrangement 
for the Regnault-Reiset apparatus. 


The titration apparatus illustrated in Fig. 12.12 prevents CO; loss during titration, as 
any CO; lost from^the absorber solution is held in the cylinder where it can be measured^ 

readings are given. 

vl™ c! tdttS hSCtams is taken to reptel ’ “ „ 

chr^'rtubLtd Sfc + voinntn .1 nnintni: ! : : ! : : : ! : : : : «7 ■■ 
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Oxygen Consumption 

2 3 4 5 6 7 5 9 

Burette 

• » ■ t • 


Time 

Burette 

Reading 

Volume 
of gas in 
burette 

Vol. + air 
in the 
chamber, 
absorber, 
etc. 

Temper- 

ature 

rc) 

Baromet- 

ric 

Pressure 

Factor 

for 

Volume 

Volume 

(Stand- 

anl) 

Volume 

(DllTcr- 

cncc) 

7:30 

10:00 

93.1 

52.0 

7.26 

4.31 

12.53 

9.58 

30.0 

30.0 

74.7 

74.7 

,847 

.847 

10.61 

8.11 

2.50 

O 2 consumed 

2.95 

2.95 






O 2 consumed (corrected) 
O 2 consumed in 2.5 hours 
O 2 consumed in 1.0 hour. 

= 2.50 liters (2.95 X 

.847) 


. 2.50 liters 
. 1.00 liter 

2.50 


COi Production 


KOH solution in battery 

BaCU solution in battery 

This was found to be equivalent to. 

HCl used in titration 

CO 2 absorbed equivalent to 

1 cc. of 2.11 N HCl is equivalent to 

In 3 hours CO 2 production was 

In 1 hour CO 2 production was 


200 cc 
200 cc 

166.5 cc of 2.11.V Iiri 

68.7 ccof2.11iVIICl 

07.8 cc of 2.1LY HCl 
23.63 cc of CO-. 

2311.0 ccofCO-. 

770.3 cc of CO 2 or 0.77 liter 


p n - = ^-iZZ 

02 /hr 1.00 


0.77 


Heal Production 


For R.Q. 0.77, a liter of O 2 is equivalent to 4.8 Cal = 4.8 Cal/hour 
Body weight of the fowl = 1.729 kg = 1.48 

Possible objections to this Rcgnault-Rciset method are: (1) it does not permit meas- 
urement of the water vaporization, as is possible by the Haldane gravimetric method 
which will be described presently; (2) the atmosphere is saturated with moisture which, 
at higher environmental temperatures, tends to depress the heat regulation of the body 
by water vaporization. 


12.2.3: Open-circuit gravimetric method for smaller animals. This 
method, devised by Haldane-’, is the easiest to set up and to maintain, and 
also to operate, especially if the R.Q. is not needed. Depending on available 
size of scales, it may be used for animals ranging in weight from mice to large 
rabbits. We used it for fowP^ (Fig. 12.15), rabbits, and rats=’ (Figs. 12.1G 

and 12.17). 

The principle may be explained by referring to the original Haldane design, 
Fig. 12.14. This consists of a respiration chamber, Ch, which may be an 
ordinary fruit jar, in which the animal is kept, and se^'eral IDO and CO 2 
absorbers. The HjO is usually absorbed by concentrated H2SO4 (in which 
lumps of pumice stone may be placed for increased area) or by such dry IDO 
absorbers as magnesium perchlorate. The CO 2 is absorbed by alkali, such 


” Haldane, J. S., /. TAj/sioh, 13, 419 (1892). . , ,, 

M Phillips, V. W., Ashworth, U. S., and Hrody, Univ. Missouri Agr. Kxp. feta. 

HMring^^V.J^and Brody, S., Id. Res. Bull., 274, 1938. Brody and Nisbet, R., Id. 
Res. Bull., 2^, 1938. 
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as a concentrated solution of NaOH or Ba(OH)2, or more conveniently by 
“shell caustic”. Soda lime is less convenient. 
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12.13a-A closed circuit apparatus for measuring the Oj consumption by the 

Spirometer method. 









apparatus for measuring the O 2 consumption by the 
spirometer method. 


Fig. 12.13b— A closed circuit 


r is dratvn through the chamber and absorbers by some pump, such as 
,ter pump, P. It is convenient to keep a record of the rate of air passage 

rib "fre^d from its CO 2 and HjO by absorbers 1 and 2, respec- 
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tivelv, before it enters the ehaml)er, (7i; the air leavins the chamber 
ileposits its H 2 O and CO 2 in ahsorirers 3 and (1 + 5) respect i\el}’. Thus 
some atmospheric Ds is retained l)y tlio syst(‘m (in the iorin of CO2), but 
nothing leaves the system. Hence, while the animal loses u'dijht during the 
trial (it loses HjO and CX);), tlie system as a irlwle (that is chaml:)er and 
absorbers 3, 4, 5) gains weight ; the gain represents Oj consumed. 80, we have 
H2O vaporized (absorber 3); CO 2 produced (aljsorhers 4 and 5); and ()o 
consumed (gain in the system as a whole). 



Fig. 12.14— The original Haldane chamber open-circuit gravimetric method. 



Fiff 12 16 — A modification of Haldane apparatus employed for measuring the metabolism 

of rabbits and chickens. 

The* numerical computation is a bit involved; it is therefore discussed in 
detail. 

Numerically, the Oj consumption is the difference between the H 2 O and CO 2 gain in 
absorbers 3, 4, and 6 on one hand and loss in weight of the animal and chanibcr on the 


other. Thus 

H,0 and CO* gain by absorbers 3, 4, and 5 5,32 g 

Weight loss by animal and chamber 2.91 “ 

The Oj conBiuned is, therefore 2.41 “ 



Vl.r l-> k; \ llMl<hti(Miicl:ib<)lism:ipi>aralus wc usoil for rats. Xumber o is the oliam- 

,i,<. i.Ho.nin, air uL II.O, CO..; tl,c train follow...,, ^5 
iheiatc.l l.v the rat. Tl.c increase in weight of rams o to 10 incUisno npre.tnt. . 

ioiisiiiiumI; 0 to 7, lIjO vaporized; 9 to 10. CO: exhaled. 
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The \hO lost by the animal, bottle 3, is easily weighed on an analytic balance; so is the 
CO 2 lost, by weighing bottles 4 and 5. But the weighing of the animal (together with 
the chamber) at the beginning and end of the respiration trial with the requisite precision 
is not easy. Hence, when CO. alone sufFices (when the R.Q. is known or when compara- 
tive results alone arc desired), this method is extremely satisfactory; but when it is also 
necessary to get the R.Q., that is. when it is necessary to determine the O 2 consumed, a 
large damped analytic balance (Fig. 12.17b) and considerable care in weighing are re- 
quired. 

The following computation example, modified from Haldane, outlines the work in 
detail. The data are for a 2.5-kg cat for a one-hour trial, with an air-ventilation rate of 

720 liters per minute. 


Weight of animal and chamber at beginning 

“ “ “ “ “ “ end 

Weight loss by animal and chamber 

Weight of H:0 absorber (flask ^3) at beginning 
a It << “ “ “ end 


H 2 O lost by animal 

Weight of CO 2 absorbers (flasks 4 and 5) at beginning 
i( (< i( “ ij << end 

CO 2 produced by animal 

Sum of H 2 O and CO 2 

Loss in weight of animal and chamber 

O 2 consumed 


6903.86 g 
6900.95 “ 

2.91 “ 

3733.47 g 
3735.93 “ 

2.46 

5839.92 g 
5842.78 “ 

2.86 “ 

5.32 g 
2.91 

2.41 “ 



6 produced ^ ^ x 0.727 = 0.86 

g O 2 consumed 2.41 


Note that the: R.Q. 


g CO 2 mol, wt. O 2 ^ gm C 02 ^ ^ ^^7 
g O 2 ^ mol. wt. CO 2 gm O 2 


Knowing the R.Q., the caloric equivalent of the CO 2 may be found in Table 12.1. 

The following example^ indicates the type of errors involved in measuring the metab- 
olism of rats by this method. The relative. precision for the O 2 determination is greater 

for small animals (rats) than for large (fowl). , , j 1 oon n . 

During a 240-minutc period a 238-gram rat produced 1.208 g., COj and 1.220 g O 2 , 


RO = X 0 727 = 0.720. From Table 12.1, at this R.Q., 1 g CO 2 - 3.33 Cal. The 

1440 

heat production is then 1.208 X 3.33 = 4.023 Cal in 240 minutes, or 4.023 X -^ = 24.1 1 


Cal per day, or 24.14 X — = 101.4 Cal per kg per day. 

The chamber and rat weighed about 1000 grams. The weighing was done on a 5-kg 
balance of 0 . 5 -mg sensitivity. The CO 2 absorbers were weighed on a 200 -gram balance 
to 1 mg The error in determining CO 2 is then 2/1208 X 100 = 0.17 per cent Allowing a 
3 -mg error in weighing the chamber and water absorbers, the error for O 2 determination 

be ^ X 100 = 0.41 per cent. The error in the R.Q. is then 0.17 4- 0.41 = 0.58 

1220 


’’‘’The^air ventilation was about one liter per minute; the CO 2 was absorbed by “shell 
caustic”; the moisture was absorbed first by H 2 SO, and checked by magnesium per- 

chlorate (Fig. 12.16). 
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12.2.4: Open-circuit chamber method for larger animals involving gas 
analysis! This method, devised by Pettenkofer^' (I8('.2), is similar to the 
Haldane in general design, but as the ehamber is too large for weighing and 
the CO 2 production is too much for absorption, air-flow metering, aliquoting, 

and gas analysis are employed. _ 

The air coming into the chamber is a.ssumed to contain-' 0.031 per cent C (>2 
and 20.939 per cent O 2 ; the outgoing air is analyzed for its (’0, and O 2 con- 
tent. The rate of air circulation is measured, The percentages of (>2 decre- 
ment and CO 2 increment in the outgoing air arc computed ; the product,s oi 
these and the ventilation rate is the rate of O 2 consumption and C ()2 prodiic- 

tfion 

This chamber method is illustrated in Figs. 12.25 (Benedict and Ritzman-®), 
12 24 (Grafe-®) 12 26 (Benedict-Ritzman type used by us for a while). It is 
also used by iVIollgaard, Leffevre^», Kleiber- Mitchell- and in the Penn- 

svlvania respiration-calorimeter^^. 

‘ The measurement of the ventilation rate may be done with large commercial 
gas meters. The aliquoting is a complex matter (sec Figs. 1^4 after Grafe, 
12.25 and 12.26 after Benedict and Ritzman; and especially the papers cited). 

The most time-consuming aspect of the operation is the gas analysis of 
chamber air, which is outdoor air slightly (about 1 per cent) contaminated 
with expired air ; and a slight error in the analysis of this dilute air is greatly 
magnified in the computed heat production. The difficulty is increased if 
the expired air contains combustible gases, as it docs in ruminant-exhaled air. 
We used the Benedict-Ritzman chamber (Figs. 12.25 and 12.26) for a year 
or two” but discarded it because of the expense for gas analysis, computing, 
etc and adopted in its place the closed-circuit volumetric mask method, 
previously described (Sect. 12.2.1), and also the open-circuit mask method 

described below. ... i ■ 

12.2.6: Open-circuit mask method for larger animals involvmg gas analysis. 

This method has been long used for measuring human metabolism it in- 
Pettenkofer, M., and Voit, C., Ann. Chem. und Pharm. 1862. Voit, C., Z. Biol. 

^^\’cJSeT,T.M.,J.Am.Chem.Soc..6%3o8(m:i7). 

» Ritzman, E. G., ’and Ilcnodict, F. G '' Simpl.l.oxl W llso 

measurinK energy requirements of cattle, N. H. Agr. Exp. Sta. Bull. ^0, 1929. Also, 
Benedict Colli^, W. E., Hendry, M. F., and Johnson, "A respiration chamber for large 

domestic animals.” Id. Tceli. Bull. 16, 1920. 

Grafe E,, “Ein Respirationsapparat, /. Phypol. Chem., 66, 1 . . 

*0 Leffevre, J., et Auguet, A., “Lc laboratoire de hioenergctique do 
flauc d’hvKiene alimentaire”. Ann. Physiol, et physico-rJnm. 6ioL, 6, 318 (1929), 6, 

182 (1930h^also Bull. Soc. Sci. d’hygiene ahm., 17, H.'j (1929). • i -> 

Kleiber, M., "The California apparatus for respiration trials with large animals, 

^‘felichdl .SeH®! and Hamilton, T. S., /. Agr. Res 46. 163 (1932). „ 

» Armsbv H P., “The respiration calorimeter at the Pennsylvania State College, 
F-r-n Record 16 1037 (1904); Report Penn. Exp. Sta. 1903-4; Penn. Agr. Exp. Sta. 
Bufr. fl04, 19lo!^’ Braman, W. W., "The respiration calorimeter," Penn. Agr. Exp. Sta, 

^ Bois^ E. F., "Basal metabolism in health and disease." 
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air through gas meters and analyzing aliquots. 
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The open-circuit method for measuring metabolism by passing the expired 
air tlirougli gas meters and analyzing aliquots. 
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volvcs collection of nil the oxpircil nir into n Dougliiis^^ huji (iMr.- l--lhti) oi 
into a Tissot spirometcr-^'^ (Fig. 12.10b) over a short pcrioil. The analysis 
of directly expired air, containing several i)er cent (.tb inclement and t).j 
decrement, is very mucli siinpUa' tlian that ol clianitter air containing a inu- 
tiou of a per cent of ("()•>. The analysis of the chaml)er air has to Ix^ at least 
ten times as precise (to 0.002 per cent) as of directly expired air (0.02 to 




Fig. 12.19a— Opcn-circuil method 
for measuring metabolism by collect- 
ing expired air in Douglas l)ags and 
analyzing the gas by a gas analyzer. 


Fig 12 19b— Open-circuit method for measur- 
ing metabolism by collecting expired air m 
Tissot spirometer and analyzing the gas. 


0 05 per cent). We” therefore adopted for open-circuit measurements the 
mask method involving the analysis of directly expired air. 

The method we used differs from those used for mcasui ing human metabo- 
lism in that the Tissot spirometer and Douglas bag are too small for collecting 


Douglas, C. G., “A metliod for determining the respiratory exchange in man,” 

*1^’ “Nouvene mdthodc dc md-sure cl d'inscription du ddbit et des mouve- 
ZniratoiresT 1- homme et des animaux,” J. phys. cl path, gen., 6, 6S8 (1901); 
"ApparXour mdsurcr Ic ddhit et les dchanges re.spiratoires,” pky.nd. (IftlG). 

•’^Washburn L E., and Brody, S., and Ragsdale, A. C., Umv. Missouri Agr. Exp. 
Sta. Res Bulls.’ 263, 1037, and 295, 1939. 
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all the expired air from lar^e farm animals, such as cattle; it was therefore 
necessary to employ an alicpioting apparatus, as illustrated^® in Figs. 12.18a 

and b. 


sampling Tl<B£ 

(00 cc. SYRiNce 


CH^ Burner 


COMPRE SSE 0 
At R 


mercury 


compensating 

Tube 



petroleum Oil 


Oj ABSORPTION 
PI PE T T£ (Pt RO) 

C 0, absorption 
PIPETTE (rOm) 


HjO LEVEL 


TO variable resistance 


Fig. 12.20a— Haldane gas-analysis apparatus. 


12.2.6: Chemical method of analysis of expired air with some illustrative 

results on cattle. There is a large literature” describing chemical methods of 

gas-analysis. Practically all methods are but slight modifications of the 

original, 1897 Haldane apparatus, and we employed the Haldane apparatus. 

« 

"iee’Ha'ldJij’T^S.' ^lome improved methods of S' chem’ 

33 (1897-8); “Methods of air analysis, London 1912. Henderson, ’ 

and Sandhori ^‘A'faboratory manual on the te"chnic of basal metabolism rate determina- 
tfotf”" Pfe 0. Winkler’s “Lehrbu^h de^teohmschen Gasana- 

S’SteSl^MS “ method^ 

Kmus.^E.’, “Lehrbuch der Stoffwechsel methodik,’’ 

Leipzig, 1928. 



.U/;77/()/>N /.V AXIMAL (' A IJ U\I M X fin' 



The followinji parajiraphs d('scnl>r ihr apparatus ('spia-ially for analysis of 
exhaled air fnan cattle involving analysis foi' ('Hi. 

The Haldane jcas-anulysis apparatus rJ’Jai is rnnipnsr.l nf a lO-ec luirelte in 

which the ^as sample is onntined. This tmn'itr is roMiHM't.Ml t.i a h-vrlint^ iml!) where- 
with the gas sample can !>e drawn in or forced out. aTid to two :H)-vr ahsorhers. one for 
CO 2 and one for Oj. Tlu' hnrette is also eoniu-rti-d to a eomliuslmn piprt to for oxidizing 
the CIH to CO.;. The C't).. at)Sorher contains a 2il per cont solution of kOil; the O. 
absorber contains a solution made by dissolving 10 g p\-rog;.llic acnl'-" in loo r.- saturated 



Fig. 12.‘i0b- Haldane gas-analysis apparatus. 


solution of KOH (Sp. gr. 1.55). Temperature, barometric pressure, and water-vapor 
c-hanges are adjusted by a comi)ensating tui)e of the same size ami shape as tlic gas 
burette. Both burettes are kept in a water bath. Some distilled water is kept in the 
eompensating burette. The potash-ahsorption pipette connects the air between the 
control and sample tubes. The Cik is burned by heating the platinum wire in the com- 
bustion pipette to white heat (from a l-volt current). Tlie resulting CO3 is measured 
by absorption in the KOH burette, and Clk coinr>utod from the equation: 


Clk + 2 O 2 = CO 2 T 21120 


( 12 , 1 ) 


From the above equation, 1 volume (or 1 mol) CIK produces I volume CO:, so that the 


Other O2 absorbents may be used, as slick phosphorus, or alkaline Xa 2 S 204 solution. 







hiof:xehgetics axd growth 



( I f I p(‘r cont is the percentage ratio of the volume CO2 formed in combustion divided by 
th(‘ total gas sample; or in ecpiation form. 




vol. CO» formed in combustion 
total volume of gas sample 

vol. slirinkagc due to combustion 
2(total volume of gas sample) 


X 100 


vol. shrinkage due 
to combustion 


+ 


vol. CO2 formed 
in combustion 


3(total volume of gas sample) 


( 12 . 2 ) 

(12.3) 

(12.4) 


Equation (12.2) follows from the fact, shown in equation (12.1), that, discounting the 
H.O which condenses, 1 volume CH^ produces 1 volume CO2; equation (12.3) follows 
from the fact, shown by equation (12.1), that the volume of CH4 present is J the contrac- 
tion on combustion; equation (12.4) follows from the fact, shown by equation (12.1), 
that when tlic CO2 has been absorbed, there is a diminution of J of the volume. 

Equation (12.1) also sliows that twice as much O2 as CH4 disappears in the combustion 

of C\h. 

In the following computation, it is assumed that the inspired air is pure outdoor air 
which contains 0.031 per cent CO2. 20.93 per cent O2 and 79.04 per cent N2, and that no 

change occurs in the volume of N. 

The following computations illustrate the methods and results. 


Analysis of barn-yard air (1-16-38) 

Volume of air taken into burette 

Volume after CO2 absorbed cc 

CO'' absorbed* 

^ U4 

Volume after 62 absorbed o'oofi «« 

1 ““ 

/o 70 no* 

% N2 = 100 - (.04 + 21.04) 

* It is usually assumed that pure outdoor air contains 0.031 per cent CO2, 20.94 pej cent 
O2 and 79.03 per cent N. It is very important to 

lated water in the burette, or the burette becomes alkaline and stores CO2, with resu 
ing apparently low CO2 values. 

Analysis of directly expired air (by mask, valves, gas meters) for COj, CH4,02 and 

computation of R.Q., and heat production. 

Guernsey Cow 428, February 7, 1938, Weight 765 lbs 

7. Cow 428 on norjnal feed intake 

Volume air passed tlirough gas meters in 30 min 

Average meter temperature 753^6 mm 

Corr^tion factefrMor converting to Standard Temperature and ^ 

Ex^fed air at STP' = ■2378:75 X 0-858 ait/30’ min)V. : 2043:4 lit 

Expired air as at STP (lit/mm). in n04 ec 

Volume expired air sample m the Haldane 10-cc analyzer q'727 cc 

Volume after CO2 absorbed n*977 00 

CO2 absorbed 

% CO2 in exhaled air 

n See Table 8 p. 55, Carpenter’s "Tables, factors and formulas f9r competing 
respiratory exchangee and biological transformations of energy. Carnegie Inst. Was 

ington Publ. 303A. 
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The corre^ion due to volume change is so small that it may be neglected and the per 
centage CO2 increment may be obtained by subtraction prior to correction thus: 

%C02 increment = 2.77% in expired air 0.03% in inspired air = 2.74% 



CO2 increment 2.74 

O2 retained 2.40 


1.14 




The heat production is the volume of expired air X % O2 decrement times thermal 

equivalent of the O2 at the given R.Q. = 2043.4 X ,024 X 5.047 = 247.5 Cal in 30 minutes 
or 11,880 Cal /day. ’ 


We ne.xt proceed to illustrate another analysis on the same cow 428 after she had fasted 

for two days, with a consequent decrease in R.Q. from over 1 to near 0.8, so the Nj per 

cent is increased on passing through the pulmonary system, because less CO2 is produced 
than O2 is consumed. 


II. Cow 428 after 2 days’ fast 

Volume of air passed through gas meter in 30 minutes 

Average meter temperature 

Barometric pressure ’ ^ 

STP correction factor ' 

Expired air as at STP, 1330.5 X 0.830 ... . . . . . . . 

Vol. expired air sample in gas burette 

Vol. after CO2 absorbed 

CO2 absorbed 

% CO2 in exhaled air 

Volume after combustion of CH4 and absorption of result- 
ing CO2 

CH4 produced = ^ (9.490 — 9.481) 

% CH4 in expired air 

Volume after O2 absorbed 

O2 absorbed (9.481 - 7.679) 1 

Total O2 absorbed in alkali, including that used for CHi oxi- 
dation, 1.802 -I- 2 X 0.003 = 

O2 in expired air 

N2 in expired air = 100 - (1.86 + 18.70 -j- 0.03) = . 

O2 consumed 20.94 — 18.70 = 


1330.5 lit 
32.8“ C 
743.6 mm 
0.830 

1104.3 lit/30 min 
9.670 cc 
9.490 cc 
0.180 cc 
1.86 

9.481 cc 
0.003 cc 
0.03 
7.779 cc 
1 .802 cc 

1.808 cc 
18.70% 

79.41 % 

2.24 % 


Apparent R.Q. 


1.86 - .03 ^ 1.83 
2.24 2.24 


0.821 


The R.Q. corrected for volume changes may be computed by an analogous but shorter 
method than that previously explained, as follows: 


R.Q. corrected for changes in N2%:corrected O2 in inspired air = 

79 41 

20.94 X — ^ = 21.04 
79.03 

“True” R.Q., that is, R.Q. corrected for volume changes = 

1.86 - 0.03 1.83 


21.04 - 18.70 2.34 


Heat production = 1104.3 X 0.0234 X 4.776 

= 123.4 Cal in 30 minutes 
= 5923 Cal/day 


12.2.7: Electric methods of gas analysis. The Haldane method of gas 
analysis, and especially its modification for analj'-sis of chamber air such as 
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Carpenter’s, is exacting and time-consuming. The electrometric method 
here discussed is simple and rapid in operation, but difficult in adaptation 
and calibration. 

The history, principles, and application of the method may be obtained from Palmer 
and Weaver’s monograph^^. This method is based on (1) differences in thermal con- 
ductivity of different gases, and (2) differences in electrical resistance of wires at differ- 
ent temperatures, with the result that (3) if the wire has a high temperature coefficient of 
electrical resistance, this resistance will have a value corresponding to the thermal con- 
ductivity; therefore this resistance will have a value corresponding to the composition 
of the gas surrounding the wire. 

This method then consists in comparing the resistance of two electrically heated wires, 
surrounded respectively by the gas under investigation, and by a standard or reference 
gas. The resistance of the two wires is compared by galvanometer, voltmeter, or po- 
tentiometer, The readings are calibrated empirically in terms of percentage composi- 
tion of the gas under investigation under the given conditions. 

The greater the difference in conductivity between the components of the gas under 
investigation the greater the precision of the measurement. The following arbitrary 
values (ratio of the product of potential difference and current of given gas to that of air 
when the resistance is 5.66 ohms, wire temperature 100° C, and temperature of chamber 
wall surrounding the wires 30° C) indicate the relative power losses in various gases: air, 
1.000; CO 2 , 0.697; N 2 , 0.991; O 2 , 1.024; SO-.. 0.440; Ho, 6.613. Because No and O 2 and air 
have nearly the same thermal conductivity, this method is not sensitive for evaluating 
the O 2 per cent in air. But it is suitable for evaluation of CO> because the thermal con- 
ductivity of CO 2 differs considerably from that of air. These (liffcrences are illustrated 
in Fig. 12.21. This method is rapid, the results may be recorded automatically in the 
absence of an operator, and the readings are independent of atmospheric pressure. It 
has been used successfully for COo determination in alveolar air (“alveolar air indicator” 
or “Katharometer”)" and also in normally expired air*^. 

The “Katharometer”^''' measures the resistance in an unbalanced wheatstone bridge 
by the deflection of the needle of a luillivoltmeter. In other commercial inst^^ments^^ 
the resistance in a wheatstone bridge is balanced by using a slide wire to bring a gal- 
vonometer to zero deflection. 

Carpenter'* described a modification of Noyons’ “diaferometer thermiciue”^® for 
analysis of both COg and O*. The measurements are based on the deflections of a sensi- 
tive galvanometer which indicatt's changes in resistance of platinum wires caused by 
differences in the cooling power of the gases surrounding the wires. It is not recom- 
mended for use in the presence of Clb, lb, or CO. This apparatus, like tlie others, has 
to be checked by the chemical metliotl of gas analysis. 


Palmer, P. K., and \Yeaver, F. U., “Thermal-conductivity method for the analysis 
of gases,” IK S. Dept, of CommarCy Tevhuotogic papers of the Bureau of Standards, 249, 
1924. 

^^Dayncs, II. A., and Hill, A. V., Broc. Roy. Sac., 97B, 273 (1920); J. Physiol., 66, 

p. XX (proceedings) (1922). 

Habinowiteh, 1. M., and Bazin, F. \'., J . Canadian Med. Assn., 16, 63S (1926). 
^•Manufactured by the C'ambridge Instrument Co., Ossining-on-Iludson, N. Y, 

” Rosecrans, t'. Z., “Automatic gas analysis recorder for the range of 0 to 3.5 per cent 
of CO 2 in air,” J. Optieal Soe. of America A* Review of Sei. Instruments, 14, 479 (1927^ 
(Leeds & Northrui) (o., Philadelphia). Ledig, P. C»., and Lyman, K. S.. “An adapta- 
tion of the thermal conductivitv method to the analysis of resi>iratorv gases," J. Clinic. 
/nr., 4. 495 (1927). 

('arpenter, 1'. M., aiul Corpatcliinskv, \ . S., Ind. Eng. Chem., Analytical Ed., 14, 
169 (I 942 V 

•'^Noyons, A. K. M., Ann. Physiol, physieo-chim. Idol., 13, (1937), 
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12.3: Food calorimetry. The gross energy value of a feed or food may be 
determined either by (1) direct calorimetry, by burning a sample in a water- 
jacketed chamber and measuring the rise in the water temperature, or (2) 
indirect calorimetry, by burning the sample in a “ respiration” apparatus having 
a combustion chamber instead of a pulmonary system of an animal, and 
measuring the O 2 consumed, and/or CO 2 produced, and then computing the 
heat production from the thermal values of the O 2 for the given R.Q. (Table 
12 . 1 ). 

The direct method, devised by Berthelot, is the more commonly used®”. 
It is called a bomb calorimeter because the weighed sample is placed in a 
heavy steel “bomb” charged with O 2 under pressure (at least 20 atmospheres). 
The energy content of the sample is computed from the temperature rise 






I 



Fig. 12.21— Katharometer cali- 
bration chart, for electrometric 
(thermal conductivity) analysis of 
expired air. 


of the surrounding water, weight of the water, heat capacity of the apparatus, 

and related corrections. , j- . 

Benedict®' devised an indirect method similar in principle to the Benedic 

clinical metabolism apparatus. It consists (Fig. 12.22) of (1) a com^stion 
chamber, A , (corresponding to the pulmonary system in the Benedict-Collins 
clinical metabolism apparatus) in which the sample is burned; (2) soda lime, 
B, for absorbing the CO 2 ; (3) air-tight motor blower; and (4) spirometer, 
The energy content of the sample is computed from the O 2 used for the 
combustion, and from the thermal values of O 2 as given by Benedict (de- 
termined with the aid of the bomb calorimeter). 

12 4: Historic comments. As noted in the introductory quotation, 

Lavoisier is the founder of biocalorimetry. It was not, however, until about 
1850 that this work was taken up again with the appearance of the Regnau 
and Reiset practical biocalorimetric methods (Fig. 12.10). 

‘0 Fries, J. A., “Use of the bomb calorimeter,” U. S. Dept. Agr. Bull. 94, 1907, and 

standard books. , nvvralorimeter for fuels, foods, and excre. 

M Benedict, F. G., and Fo.x, E. L., Ihe Chem., 66, 783 (1925)- 

tory substances,” M amlLng Chem 17, 912 ( 925) , 

Benedict and Farr, A. G., New Hampshire Agr. Exp. bta. Bull. 24J, iJ^a. 
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An interesting modification of this closed-circuit apparatus is the meihode 
de confinement^- or the pnenmatische Kammer^^. The animal is kept in a 
closed chamber under constant volume, for example, in a desiccator or under 
constant pressure, as under a floating bell (Fig. 12.23), and the confined air 
is analyzed, at the end of a convenient period, for the CO 2 increment and 
O 2 decrement. According to Lulanie, the CO 2 may be increased to 6 per 
cent and the O 2 decreased to 11 per cent. Two per cent CO 2 in the atmos- 
phere does not affect metabolism in man^'*. 

Giaja^® employed confinement-method” chambers for animals ranging 
from mice to men. There are too many types of closed-circuit apparatus 
for man®® and laboratory animals®^ to be described here. 



Fig. 12.22 — Benedict's oxycalorim- 
eter. 


As previously noted, the first modern open-circuit metabolism apparatus 
was built in 1862 by Pettenkofer and Voit, and the first direct calorimeter, 
combined with the Pettenkofer open circuit apparatus, in 1894 by Max 
Rubner. 

Following Rubner’s completion of the calorimeter for dogs in 1891, At- 
water (the first director of the first Federal American experiment station, 
established in Middletown, Connecticut, in 1875, and the first director, 
1888, of the U. S. Office of Experiment Stations) and Rosa (chief physicist 
of United States Bureau of Standards) began work in this country on a 


Lulanie, F., Arch, physiol, y 6, 845 (1894). Kaufinanu, /d., 8, 329 (1896). See also 
Oeuvres de Lavoisiery 2, 326. 

Steuber, Marie, “Wisseiischaftliches Arch. Lamlwirtschaft,” Abt. B., Ticrcrnd- 
hurng & Tierzuchty 2, 34 (1930). Benedict, F. G., and Homans, J., Am. J, Physiol. y 28, 
29 (1911). Mattill, li. A., ./. Biol. Chcm.y 66 , 717 (1923). 

Benedict and Milner, U. S. Dept. Agr. Bull., 175, 1907. 

^^Giaja, J., Aa?i. de physiol, physico-chim. bioL, 1, 596 (1925). 

®*C/. Du Bois*2^ and Lusk’s^ Carpenter, Carnegie Inst., Washington Publ., 216, 
1916. 
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calorimeter for man in 1892, completing it in 1897. With it, Atwater^* and 
associates extended Rubner’s findings concerning the agreement between 
observed and computed values for heat production to include man. 

The Atwater-Rosa respiration calorimeter measured the CO 2 production but not the 
O 2 consumption. The later feature (closed circuit) was developed by Benedict in the 
Atwater-Benedict respiration calorimeter,®® thus making it possible to measure the R.Q. 

Lusk and associates®® built two respiration calorimeters, a small one for dogs at the 
Cornell Medical College and a large one for man at the Bellevue Hospital (now at the 
New York Medical Center). The later calorimeter, directed by Du Bois from its be- 
ginning, is at the time of this writing used for investigating mechanisms of heat loss in . 
the human body. 




Fig. 12.23— Confinement 
method for measuring the 
respiratory exchange (Cour- 
tesy Marie Steuber). 


It is instructive to note that Rubner (1854-1932), Atwater (1844-1907), and Lusk (1866- 
1932) were pupils of Carl Voit (1831-1908) ; that Armsby (1853-1921) was for a time at the 
Mockern Agricultural Experiment Station under Voit’s influence, but directed by Kuhn, 
Kellner, and Fingerling. Voit was a pupil of Liebig (1803-1873), who had studied under 
Gay-Lussac (1778-1850), who was in turn a pupil of Berthelot (1748-1822) and Laplace 
(1749-1827). The latter was a collaborator of Lavoisier (1743-1794). 

Armsby®', the most influential American investigator in farm-animal nutrition, 
adopted the Atwater-Rosa respiration calorimeter for cattle, with funds provided (1898) 
by the U. S. Department of Agriculture. The use of this calorimeter began in 1901. It 
is the only available respiration calorimeter for cattle. 

Atwater, W. 0., and Rosa, E. B., “First report of respiration calorimeter," U. S- 

Dpot Acr. Office of Exp. Stations Bull., xliv, 1897. ^ i* 

AUrater, W. 0., and Benedict, F. G., “A respiration calorimeter 
for the direct determination of oxygen,” Carnegie Inst., Washington Publ. INo. 4 , 

Williams, H. B., “Animal calorimetry,” Paper I. “A small respiration calorim- 
eter ” J. Biol. Chem., 12, 317 (1912); Lusk, G., Riche, J. A., and Soderstrom, G. 1? •. 
“clinical Calorimetry.” “The respiration calorimeter of the Russell Sage Institute of 

Pathology in Bellevue Hospital,” Arch. Ini. Med., 16, 793, 805 (1915). ^ ; A.^d 

®‘ Benedict, F. G., “Henry Prentiss Armsby,” Biographic memoir. National Acad. 

Sc., Biographic memoirs, Vol. IIX, 1938. 
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Annsby’s caloriincteric contributions revolved about the evaluation of the energy 

value of feeds for relatively mature cattle. His first work was concerned with testing 

on ruminants the validity of Rubner^s theory (1883) to the effect that carbohydrates, 

fats, and proteins may replace each other in proportion to their metabolizable energy 

« 

when fed in submaintenance amounts. These ideas were modified by Rubner’s later 
formulations of the conception of specific dynamic action. Armsby has shown that the 
specific dynamic action of feeds is greater for ruminants than for man, and that the 
processes of digestion and assimilation (heat increment of feeding) should be taken into 
account in the determination of the energy values of feeds. He found (1908) that only 
45 per cent of the energy from hay is utilized; the remainder is wasted: 41 per cent in 
feces, 6.8 per cent in methane, 7.3 per cent in urine. These considerations led Armsby 
to the concept of net energy values of feeds (Chs. 2 and 5). 



Fig. 12.24— Grafe’s open-circuit chamber for measuring the respiratory exchange in 

large animals. 


Other direct calorimeters for farm animals are Deighton’s on pigs®^ and on fowl®^ and 
Barott on chick embryos and chickens. The respiration calorimeter of Lef^vre and 
Auguet^® has been used for man and for sheep. 


12.6: Summary and general comments. Biocalorimetric methods are 
divided into (1) directy involving the measurement of heat dissipation; (2) 
indirecty involving tlie measurement of heat production from the rates of O 2 
consumption and CO 2 production; (3) mixedy such its the partitional calorim- 
etry (iiw'olving the meiisurement of heat loss by radiation, conduction-con- 
vection, and vaporization, and insensible-perspiration calorimetry (involving 


Deighton, T., J. Age. Sei.^ 16, 37G (1926). Hill, .\. V., and Hill, A. M., J. Physiol., 
48, p. xiii (1914). C'apstick, J. W.. J. Agr. Sci., 11, 40S (1921). 

« Deighton, T., J. Agr. Set., 29. 431 (1939). 

.. TT r \r..i n mi /m 04 ^\ .1C 1 4 e /i aoo\ 


15nrott, II. f!., ct aL, J. 11, 101 (1036); 16, 145 (1038). 
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accurate measuring of weight loss of the animal due mostly to water vaporiza- 
tion), both discussed in Chapter 11; (4) combined, including both the direct 
and indirect methods, as in the Pennsylvania respiration calorimeter. 

The direct methods may be of the water-cooling or of the compensation 
type (involving the balancing of heat produced by the animal in one chamber. 



Fig. 12.25— The Benedict-Ritzman open-circuit method for measuring the respiratory 

exchange in large animals. 


and by heat produced through measured amounts of electrical energy in the 
same or another chamber of the same size). The indirect methods may be 
of the closed-circuit type (involving the rebreathing of air, usually with 
removal of the CO 2 by circulation through purifers and addition of fresh O 2 ), 
or of tlie open-circuit type (involving the metering and analyzing of the 

expired air). , 

From the standpoint of scientific interpretability of results, method 

(4), respiration calorimetry is best. Unfortunately, this method is appar- 
ently not practicable for farm animals except for one well-equipped institu- 
tion in the country ; and even in this case the gathering of data is too laborious 
and slow, to satisfy desires for “practical results” in “reasonable time”, and 
the data are insufficient for statistical analysis. 
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But even the indirect method (open-circuit respiration-chamber gas analy- 
sis) as employed in five laboratories (in U. S., Benedict-Ritzman, Mitchell- 
Hamilton, Kleiber; in Europe, Mollgaard, Fingerling, Popov-Thome) is too 
expensive and too slow, and the data obtained are usually not sufficient for 
statistical analysis. We have therefore adopted for cattle and other farm 
animals the mask method, similar to those used for measuring basal metabo- 
lism in humans, for both closed- and open-circuit work. 

The measurement of O 2 consumption alone (closed-circuit spirometer 
method) is quite sufficient for “normal” animals within the R.Q. limits of 
0.71 and 1.0. Within these R.Q. limits the caloric equivalent of O 2 is well 
known and relatively constant. The caloric value of O 2 may perhaps be 
constant even above the R.Q. value of 1.0, as pointed out by Benedict®^ 
who, however, was criticized®*^ for this conclusion, and especially for 
the suggestion that direct calorimetry is unnecessary. There is no doubt 
that the indirect method is not rigorously sufficient, as when oxygen is used 
in the body for purposes other than oxidation, such as massive conversion of 
carbohydrate containing some 53 per cent O 2 to fat containing 11 to 12 per 
cent, with corresponding apparent depression of Oo consumption (or raising 
of the R.Q.). Many agricultural processes consist in such transformation of 
dietary carbohydrate to body fat®^ milk fat®®, and egg fat. 

Then, too, many of the metabolites are not members of the three standard 
nutrients, carbohydrate, fat, and protein®^; nor do these substances react 
according to type, either because of dietary condition^® or metabolic abnor- 
malities, as in diabetes, with formation of sugar from protein and other sub- 


Benedict, F. G., “Lipogencsis in animals,” Carnegie Inst., Washington Pab. 4S9, 
1937. See also Leegaard, F., Acta Med. Scand., 77, 1 (1031). 

Book review, J. Ain. Med. .Iss/i., 110, 1311 (1938). 

Lawes, J. B., and Gilbert, J. H., Trans. Roy. Soc., 2, 403 (1850). Trowbridge. P, 
F., Moulton, C. R., Hogan, A. G., llaigli, L. 1)., et al., Tniv. ^lissouri Agr. K\p. Sta. 
Res. Bulls. 55, 01, 73, and others. Benedict.®^ (1037). (R.Q. 1.47 for fattening geese.) 

Wierzuchowski, AI., and Ling, S. M., J. Rial. Chem., 64, 007 (1025) (R.(}. 1.58 for fatten- 
ing hogs). Rapport, 1)., ct a/., J . Biol. Chem., 60, 583 (1024), who quotes M. Hleibtrau 
ll^xiger's Arch., 86, (1001)1, obtaining R.(J. 1.38, and Hleibtraub’s correction eiiuation 
for conversion of (MI. to fat: 

270.00 g glucose — ► 100 g fat -h 51.01 g ILO + 115.45 g (XL 
In this transformation of carbohydrate to fat. it is assumevl that 00.7 ('al. or 0 per cent of 
the energy of carbohydrates is lost. 'I'he heat t>f combustion i.f fat was assumed to be 
9.50 Cal/g, and of glucose 3.743 ('al g. X'lie suggestitm is made to multiply tlie excess 
CO 2 liters above the R.(J. of 1 by O.S ('al and add the proiluct to the calculated heat 
value of the protein and (’,11. which are being oxidized. A liter of CO: above the mm- 
protein R.(J. of 1.0 is supposed to correspond to deposition 1.7 g fat derived from 4.8l) g 
glucose, or from 5.00 g starch. See also 'I'albot, F. S., et a!., Am. J. Phi/siol., 124, 240 
(1938). 

Jortlan, W. II., and Jenter, (’. G., "'I'lu' source of milk fat.” New York .Vgr. Exp. 
Sta. Bull, 132, 1897; Jonlan. Jenter and Fuller. F. D.. "'rhe food source of milk fat. with 
studies on the nutrition of milch cows,” Id., 197, 1901. 

** Jones’. 

Kriss, M., and Smith, A. H., “The iniluence of im»rganic salts in tlie diet on the rela- 
tive oxidation of carbohydrates and fats,” J . Nut., 14, 4s7 (1937); 16, 375 and 3v85 (1938). 
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stances, which results in an abnormally low R.Q., or perhaps even in formation 
of sugar from fat, as in hibernation, shown by an abnormally low R.Q. 

Some synthetic reactions may even be endothermic (Chs. 2 and 3); others 
may be anaerobic when O 2 consumption is not related to heat production. 
We have the massive heat production of fermentation in the digestive tract, 
especially of ruminants, which is unrelated to respuatory metabolism or at 
any rate to O 2 consumption. Catabolism of protein may occur in various 
ways, oxidative and non-oxidative (Chs. 2, 4). There may be, after all, 
a great need for more direct calorimetry in combination with indirect, espe- 
cially for farm animals. In the meantime we do what we can. 


Other indirect calorimetric methods might be cited. Thus, if the body weight remains 
constant over a long period and its composition also remains constant, the heat produc- 
tion may be estimated from the physiological-fuel value of the consumed food. This 
method is frequently used for estimating energy expenditures and dietary-energy needs 
in humans.’^ 



Fig. 12.26— Photograph (by 
T. M. Carpenter) of the Benedict-, 
Collins open-circuit chamber for 
measuring metabolism used in our 
laboratory (Missouri). 


The following example for measuring heat production by differenced^ (on rats) seems 
to be satisfactory. 


Energy of feed consumed 

“ feces 

“ “ urine* 

“ “ fat stored 

“ “ protein stored 

Heat production by difference 


2275.6 Cal 
171.6 “ 

75.6 “ 
101.0 “ 
88.9 

1838.6 “ 


* 2.1 Cal. were added to the energy of the urine as representing the energy loss during 
drying (g N loss X 5.447). 


Then there are several relations of heat production to various physiological functions, 
such as ventilation rate, respiration rate, pulse rate (Ch. 24) and the curious one relating 



- Fo^rret! Nut.. 10 , 461 (1935); 16 , 285 (1938); 18 , 47 (1939). 
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metabolism to difference of electrical potential in the skin” represented by the equation 

^ log Y — log 0.005 
"" -0.0396 

in which X is the metabolic rate, Y the difference of electrical potential across the speci- 
fied areas of skin, with the electrodes 12 cm apart. 


” Purdy, C., and Sheard, C., J. Exp. Med.^ 64, 789 (1931). 



Chapter 1 3 

Basal Energy and Protein Metabolism in Relation to Body 
Weight in Mature Animals of Different Species 


I do not know where or when the various species of animals were given 
their basal metabolism. Perhaps Noah did it when they left the Ark. I 
suppose that the reason he could not do a uniform job with the animals was 
because he did not have scales small enough for the dwarf mice and large 
enough for the bull and the elephant. B. F. Du Bois 

13.1 : Definitions. Basal energy metabolism, also called post-absorptive metab- 
olism and standard metabolism, is the heat production during complete rest in 
a thermoneutral environment (Ch. 11) in post-absorptive condition (Ch. 4); 
it is the resting energy metabolism in a thermoneutral environment uncom- 
plicated by the heat increment of feeding. 

As previously explained (Ch. 3), it is doubtful whether much over 25 per 
cent of the basal metabolism is expended for the work of circulation, respira- 
tion, secretion, excretion, and muscle tonus. The work of blood circulation 
under basal conditions is estimated to account for from 5 to 15 per cent of the 
total basal metabolism energj^ ; that of the kidney 5 per cent ; and that of 
respiration from 5 to 15 per cent. The remaining basal metabolism energy 
represents the cost of maintaining the thermodynamically unstable and im- 
probable living state and free-enei’gy losses incidental to the purposeless en- 
zyme activities (analogous to yeast enzymes which continue their catalytic 
activities after the death of the yeast), and maintaining the characteristic 

body temperature. 

Basal-energy metabolism is a convenient baseline for measuring various 
energy increments, such as heat increments of muscular work, of feeding, of 
lactation, of gestation, of keeping warm in cold weather, and the like. 

We shall also use the term resting-cnergy metabolism which differs from basal 

only in that the animal is not in post-absorptive condition. 

Endogenous nitrogen excretion is the lowest level of nitrogen excretion at- 
tained after an empirically defined time interval (about four days in rat and 
man ) on a low nitrogen but otherwise complete and abundant diet. Endog- 
enous nitrogen excretion, like basal metabolism, is a convenient base foi 
measuring various nitrogen-excretion increments, such as those due to food 

ingestion. 
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We shall be concerned mostly with the urinary endogenous nitrogen because of the 
difficulty of measuring the fecal endogenous nitrogen excretion. The fecal nitrogen is 
made up of three parts: (1) endogenous or metabolic N, derived from the body; (2) ali- 
mentary-lining N, derived from the alimentary lining as a result of “handling” the food; 
(3) undigested food N. The amount of endogenous fecal nitrogen is profoundly influ- 
enced by the dietary roughage and protein. “Protein in direct contact with the mucosa 
is one of the best stimulants to gastric and intestinal secretions, the residues from which 
constitute the bulk of ‘normal’ feces”^ 

Folin^ demonstrated the presence of two kinds of urinary nitrogen, endogenous and 
exogenous, in a classic series of papers published in 1905. “I would call the protein 
metabolism which tends to be constant, endogeyions metabolism, and the other, the 
variable protein metabolism, I would call the exogeyious metabolism”. Because of the 
constancy of the endogenous metabolism he assumed that it represents “an essential 
part of the activity which distinguishes living cells from dead ones”. 

Folin demonstrated that the principal end product of the dietary protein disintegra- 
tion is urea, and the greater the amount of nitrogenous food ingested above the needs, 
the larger the amount of urea and ammonium salts excreted. The end product of en- 
dogenous metabolism apparently least affected by protein ingestion is creatinine. But 
neutral sulfur and to a less extent uric acid also represent body or endogenous protein 
metabolism. Urea and creatinine excretion levels, then, represent extremes in the ex- 
tent to which they are influenced by dietary protein. 

Employing isotopic nitrogen to label the amino acids under investigation in metab- 
olism, Schoenheimer^ found extensive interchange of nitrogen between dietary amino 
acids and tissue protein, and concluded that “it is scarcely possible to reconcile our find- 
ings with any theory which requires a distinction between these two types of nitrogen”, 
referring to endogenous and exogenous nitrogen. However, Burroughs and MitchelP 
presented evidence substantiating the independence of endogenous and exogenous types 
of nitrogen metabolism, and attributed the observation of Schoenheimer to the rapid 
interchange, not in tissue protein but in the labile or fluid “deposit protein”, which is 
assumed to rise and fall witli tlie rise and fall of dietary protein. 

There are serious difliculties in evaluating eiulogenous urinary nitrogen because its 
output varies^ with (1) duration on N-free diet period prior to commencement of taking 
the data for evaluation of endogenous N (Fig. 13.19); (2) nature ami amount of food in- 
take prior to the experiment; (3) amount of indigestible material in the diet®. 

The endogenous N excretion is evaluated by feetling animals for a given period on 
practically N-frec but otherwise comj>lete diets, or preferably, according to MitchelF, 
on an otherwise nitrogen-free diet containing 4 per cent of whole egg protein. 

The apparent endogenous nitrogen level is especially dependent on the length of time 
the animal is fed on the nitrogen-low diet, and on the nature of this diet. The first effect 


* Murlin, J. R., and Mat till, 11. A., “Value of cereal proteins,” J. Nut.. 16, 15 (19381. 
“Folin, A., “Analyses of thirty ‘/tormn/’ urines,” .ba. J. Phijsiol., 13, 45 (1905); 

“Laws governing the chemical compt>sition of urine,” /</., p.OO; “A theory of protein 
metabolism,” /d., p. 117. 

* Schoenheimer, R., Ratner. S.. and Rittenberg. IL, J . Biol. Chern.. 130, 7t)3 (19391. 
Sehoenlieimer (ed. by 11. T. C’larke), “Dynamic state of boily constituents," Harvard 

l^rcss, HMli, 

■* Jhtrroughs, E. W., Burroughs, H. S.. and Mitchell. H. 11.. J. .Va/., 19. 271 (UlUB. 

® Ashworth, U. S., ami Broilv. S.. “Emh'genous nitrogen studies,” I'niv. Missouri 
Agr. Exp, Sta. Res. Bulls. 1S9 ami 190, 1933. 223 ami 228. 1935. 

“ Boas-Fixsen, M. A., “d'he biological value of protein,” Nut. Abst. and /ur.. 4, 447, 
(1935). 

7 Mitchell, 11. H., and ('arman, CL CL, J. Biol. Chan., 60, 013 (1924 ; 68. 18(1 (1920). 
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of such a diet is to depress the food consumption, which upsets the entire nutritional 
balance. The basic principle of the method is that the animal should consume plenti- 
fully a diet which should be complete in every respect, except that it is low in nitrogen. 


This chapter is concerned with the relation of basal energy metabolism and 
urinary endogenous nitrogen excretion to body weight in mature animals of 
different species ranging from mice to elephants, with special reference to farm 
animals. Chapter 14 is concerned with similar relation in growing animals 
of the same species, and Chapter 15 with the total maintenance cost in relation 
to body weight. 

13.2 : Basal metabolism and the “surface law”. A most intriguing obser- 
vation in basal metabolism studies is that the basal heat production per unit 
body weight in homeotherms decreases rapidly with increasing weight. Thus 
the basal metabolism per unit weight of such small animals as mice and ca- 
naries is 20 to 25 times as great as of large animals, such as cattle. This 
means that the basal-metabolic significance of a physical weight unit in a 
canary is about 25 times that in a cow. This means that simple body weight 
is not a suitable reference base for metabolism. The purpose of this section 
is to discuss critically the reference-base problem in relation to basal energy 
and protein metabolism. This discussion is based largely on the data in Ta- 
bles 13.1 and 13.2 (at the end of this chapter), rearranged respectively from 


our work® and Benedict’s®. 

According to the laws of Newton and Stefan-Boltzmann (Ch. 11), the rate 
of cooling of a body is proportional to its surface area. Now if the heat loss 
is proportional to the surfaces, the heat production must likewise be pro- 
portional to the surfaces, since in homeotherms heat production must equal 
heat loss. Homeotherms must, therefore, have developed in the course of 
evolution a heat-production control to function in proportion to surface area. 
This, in brief, is the evolutionary logic of the “surface law”. 

This relation of heat production to linear size and to surface area was first 
formulated over a century ago by Ramcaux and Samis'®. To avoid reviewing 
many subsequent papers, it seems best to quote, in free translation, somewhat 

rearranged, this first formulation of the “surface law”. 

(1) Assuming constancy of body temperature, there must be equality 

between heat loss and heat production. 


8 Brody, R., Procter, R. C., and Ashworth, U. S., “Basal metabolism, endogenous 
nitrogen and neutral sulfur excretions as functions of body weight,” Univ. Missouri 
Agr. Exp. Sta. Res. Bull. 220, pp. 32-33, 1934. Brody and Procter, “Relation between 
basal metabolism and mature body weight in dilTerciit species of mammals and biras. 

Id. Res. Bull. 166, 89, 1932. . *• i i n,tnh«lism ” 

8 Benedict, F. G., “Vital energetics, a study in comparative basal mtaboiism, 

Oarnegie Inst., Washington Pub., 503, pp. 175—6, 1938. . ,0 ..o 

'8 Sarrus ct Ramcaux, Bull, de Tacad. de Med., 2, 538 (1837-8); Rameaux and S®'’*’.. ’ 

Id 3, h838-1839). Robiquet and Thillaye, who are sometimes credited ivith its dis- 
covery, merely reported the papers by Rameaux and Sarrus. For a detailed review, 
see Le Breton, E., Ann. Physiol, physuochim. biol., 2, 606 (1926). 
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(2) Ass uming equality of other conditions, heat loss is proportional to 
“free” surface. 

(3) Heat production is proportional to oxygen consumption or approxi- 
mately to inspired air. 

(4) Since heat loss and heat production are proportional to “free” surface, 
and since surfaces vary with the squares of the homologous sides, it follows 
that o.xygen consumption, heat production, and heat loss are proportional to 
the square of the corresponding dimensions of the animals under comparison. 

(5) This proportionality between oxygen consumption and free surface 
may be achieved in se^’eral ways, one of which is by varying the lung surface 
and number of respirations. 

These authors also presented relations between pulse rate, pulse volume, 
and body size. 

The more recent formulations of the “surface law”" do not appear to the 
present reviewer to offer improvements on the original formulation. 

In equation form, one may say that surface, or heat loss, or lieat production, 
or oxygen consumption, Y, is proportional to the square of the linear size, L : 

y aL2 (13.1A) 

or to the f power of volume, or to the § power of weight, 11’ (if tlie specific 
gravity is constant), as indicated by the equation’’- 

r = air* (13.1B) 

or in more general terms 

Y - (13.2) 


We are especiall}’' interested (Cli. 24) in what Sarrus and Haincaux liad to 
say concerning the interrelation between oxygen consumption, respiration 
rate, pulse rate, pulse volume, and body size wliich anticipate : Iloesslin (1888), 
Krogh (1916), Henderson (1923), Read (1924), Teissier (1928), and Kleiber 
(1932) concerning the interrelation of blood flow or oxygen transport (which 
is proportional to pulse rate and volume per heart beat ) aiul heat productiini. 

** 8(h> Lusk, G., “Tlie science of nutrition X 1028, aiul Du Hois, K. I'., “Hasal luetabo- 
lisiu in liealth ami disease”, 10iU>. 

** Derivations of equation B from A: 

Surface area, S, varies with the suuaro of the linear size, L 

•S rt 

Volume or (wliat is virtually the same) weij^ht, U’, varies with tlie cube of linear 

size 

ir o IJ 

or linear size is the cube root of weijj;ht 

L a in 

and surface area, N, is tlierefore. the J power of weij^ht 

N a a (II D* rt in 

On converting tlie proportionality to an equality, we have 

N = (iin ' iULllD 
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' Thus, according to Kleiber^^, *‘the influence of body size on metabolism may 
reasonably be related to oxygen transport” and ‘‘if the volume per beat were 
exactly proportional to the body weight and the pulse rate were exactly pro- 
portional to the I power of body weight, the intensity of blood flow would be 
proportional to the f power of the body weight”. Henderson’s results demon- 
strated a direct proportionality between circulation rate and basal metab- 
olism. An interrelation exists between metabolic rate and pulse rate, and it 
has been suggested that pulse rate be used for estimating metabolic rate.^^ 
We are thus indebted to Sarrus and Rameaux not only for originating the 
“surface law”, but also for analyses of the more basic phj'Siologic factors in- 
terrelated with metabolism. 

Some ten years after the publication of the brief reports by Rameaux and 
Sarrus, there appeared the widely quoted book by Bergmann^®, who seemed 
to have formulated the law independently of the French investigators. 

Bergmann discussed many problems of more than passing contemporary 
interest such as : influence of body size (and consequently heat loss and meta- 
bolic intensity) on geographic distribution of animals; relative insulating 
properties of the skin of large and small homeotherms (Bergmann first em- 
ployed the terms homeoiherm and poikilothenn ) ; possible influence of greater 
food consumption (by increasing what we now call specific dynamic action) 
and greater muscular activity (energy cost of work) per unit body weight in 
small than in large animals, which may assist small homeotherms to main- 
tain their body temperature in spite of greater surface area and consequent 
greater heat loss. 

The development of the Pettenkofer calorimetric method (Ch. 12) and of 
the Meeh surface-area-measurement method^^ enabled Rubner in Germany, 
and Richet in France, to substantiate the surface law experimentally. Rub- 
ner^^ investigated the law on dogs, and Richet^® on rabbits. 

That heat production must vary with surface area rather than weight at 
low temperatures if small animals are to survive may be illustrated by com- 
putations by Kleiber*®, which show that if heat production per unit weight 
(rather than per unit surface area) were as small in a 60-gram animal as in a 

”Hoesslin, H., Arch. Physiol, p. 323 (1888); Z. Biol, 86, 527 (1927). Krogh, A., 
“Tiie respiratory exchange of animals and man,” 1916. Teissier, G., Ann. PhystoL 
pkysico chim. hioL, 3, 212 (1927); 4. (1928). Read, J. M., Arch. Int. Med., 34, 553 (1924), 
and 67, 521 (1036). Kleiber, M., Hilgardia, 6, 315 (1932). Henderson, Y., Physiol 

3, 165 (1923). ^ ,, 

Read, J. M., Arch. Ini Med., 34, 555 (1924). SutlifT, W. D., and Holt, E., W., 
36, 225 (1925). Murlin, J. R., and Gree, J. R., Am. J. Physiol, 33, 253 (1914). Win- 
chester, C. F., Mo. Agr. Exp. Sta. Res. Bull., 315, 1940. . , -u 

Bergmann, H., “Ueber die Vernhaltnisse der Warmeokonomie der fiere zu inrer 

Grosse.” Gottingen, 1847-8. Bergmann und Leuckart, R., “Anatoinisch— Physio- 
logisch Uebcrsicht dcs Tierrciches”, Stuttgart, 1852. 

IS Meeh, K., Z. Rm/., 16. 425 (1879). , ^ . u i. i • 

” Rubner, Max, Z. Biol, 19, 535 (1883); “Die Gesetze des Energie verbrauchs bei 

der Ernahrung”, Leipzig and Wien, 1902. 

Richet, Ch., Arch, de physiol, 2. 17, 483 (1890); 3. 74 (1891). 
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600-kilogram animal, the small animal could not maintain its tempetature in 
temperate zones without a 20-cm (8-in) insulating cover; small-animal life 
would be impossible in temperate or frigid zones. 

The neatest theoretical derivation of the surface law is due to Teissier'^, 
who deduced it from the principle of similitude by dimensional analysis. 
Derivations from the theory of similitude are geometric in the sense that the 
ratio of the diameter to the circumference of a circle is geometric and con- 
stant, regardless of the size of the circle (Ch. 12). 

From the theory of similitude, surface area varies with the square of linear 
size, regardless of size, provided only that the large and small animals are 
similar in the way that large and small circles are similar. Likewise, power 



Fig. 13,1a— The surface integrator. Tiie roller A is mounted on an ordinary revolu- 
tion counter. The crayon is held against the marker by the spring in E. 


(energy metabolism) varies with the square of linear size regardless of size, 
provided that the animals are strictly similar and the environmental condi- 
tions arc strictly homologous-^. Since both surface area and power are pro- 
portional to the square of linear size, or to the I power of volume, they are 
proportional to each other. The surface law is thus arrived at independently 
of physiologic consklerations. 

Since strict biologic similitude between animals in space and time is im- 
possible, strict agreement between observed facts on animals and deductions 

Teissier. (E, “La grandeur dv luetabolisiue en fonetion do la taille,” .1 tin. Physiol, 
phtfsicochim. biol., 4, I (UrJTL Also l.ainliert. U., and Teissier, CL, Theorie de la simili- 
tude biologique,” /</.. IV IM'J tl'd27). 

Homology of environiumU is obtained at rest in post -absorptive conditions 
in thermal neutrality, Lc., under "basal conditions". 
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by dimensional analysis are impossible — only approximations can be made. 
The magnitude of the surface area and heat production level are interrelated 
in their common connection with linear size (and other factors, depending on 
which units we agree to consider as primary and which secondary ) . 



Fig. 13.1b“The surface integrator. 



Fig. 13.1c— The surface integrator in action. 


"J'he fact that the external surface area per unit weight declines with increas- 
ing body weight (Fig. 13.2b) probably “explains^^ from the evolutionary 
viewpoint— the observation that the basal metabolism per unit weight declines 
with increasing bod}^ weight — the fact that the 7)i€tabolis7n per unit weight in 
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the canary, for example, is about 25 times that of the cow. In the course of 
evolution only such small animals survived in the colder regions as developed 
heat-production mechanisms which function in direct proportion to the ex- 
ternal surface, in which the ratio of heat production to external surface area is 
approximately constant. 

So much for the remote, or evolutionary, control of the metabolic rate in 
proportion to external surface rather than to body weight. But what are the 



ri^. 13.2a“Tho surl'm*c aroa, .1, is plotted asaiust weiKlit, U', 
logarithmically divided paper. The equation for the data is .1 = 
meters, W in kgs.). Sec also Fig. 13. 2h. 


on arithinelio and on 
0.15 ir (.1 in square 


direct mechanisms wliielt control (his relationship, which cause the small animal 
to metabolize at vsuch a high level per unit weight? 

The metabolic intensity is controlletl by what ('rile called “energy releas- 
ing” organs, namely nervous and endocrine systems, especially tlu' brain, 
pituitary, ailrenal, and thyroid glands. Now, it will be presently shown 
(Ch. 17) that as animals increase in size, the pull of gra\ ily, of eoui'se, in- 
creases directly with Innly weight, whereas the strength of the supporting 
structures, such as of the legs, tend to increase nith the ] ptnver of Inxly 
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weight (with the cross-section areas of the supporting structures). Hence, 
to retain stability, the supporting structures grow more rapidly than the 
visceral organs, or the visceral organs grow less rapidly than the body as a 
whole, approximately in proportion to surface area. In brief, the size of the 
metabolism-controlling organs tends to vary more nearly with surface than 
with body weight. Since surfaces tend to vary with the f power of body 



Weight 


Fig. 13.2b— The surface area, A, is plotted against weight, IF, on logarithmically 
divided paper giving a linear distribution of the data. The equation for the data is 
A = ()l in square meters, W in kgs.). 

weight, with approximately T7*, the mclaholically effective body size is not 

simple weight, 17* “, but more nearly WK 
13.3: Metabolically effective body size vs. surface area. Since simple 
weight, 17* “, is not a good reference base for basal metabolism, and since 
metabolism tends to vaiy more nearly in proportion to surface area or to 
17^ shall we then employ surface area or 17* as reference base? No, for the 

following reasons: 

(1) The surface area of a living animal is not constant and cannot be 
measured in such manner that the results can be checked by different in- 
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vestigators. Surface-area measurements are not even reproducible on a dead 
animal. Thus, Fig. 13.3 shows a 60 per cent difference in surface area as 
measured by a similar method by two investigators on dead rats. 

(2) Surface area as it relates to heat loss changes with environmental tem- 
perature not only by “rolling up” in cold weather and “spreading out” in hot 
weather, but also by developing heat-conserving and heat-dissipating devices 





Weight 

Fig. 13.3— There is a 60% dilTereiicc in surface area of rats as ostiinated by Mitchell 
and by Diak, employing the same general method for estimating area. 


(by varying the fur or feathers, subcutaneous fat, caliber of the blood vessels, 
and the like), thus changing the iffcctivc or “free” surface area. 

(3) It is true that surface area N'aries with the I power of weight, but only 
in geometrically similar bodies of eonstant specilic gravity ; and small and 
large, young and old, fat aiul thin, animals — especially of different species — 
are not geometrically similar and not of constant specilic gravity. 

(4) Representing metabolism as a function of external surface area would 
implj'' that surface area is the “cause” ot the metabolic rate, whereas, as ex- 
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plained above and in other chapters (7, 11, 17), the immediate causative 
mechanism resides mostly in the neuro-endocrine system and not in the ex- 
ternal surface area. Moreover, according to Lambert’s “law” of heat radia- 
tion, heat loss is proportional not to simple surface but to the profile of the 
projected area (Sect. 11.5). 

For these reasons it would be a gross oversimplification to accept the very 
vague “surface area” as reference base. The f power of weight, TF*, is a more 
definite reference base than area ; but as explained above, there is no geometric 
reason for assuming that the exponent is exactly f, since animals are not 
geometrically similar. It seems more rational, as a matter of principle, to 
take as reference base not but IF*’ the value of the exponent h being deter- 
mined on the basis of actual data. 

As regards actual surface measurements, the data on humans have been 
compiled by Boyd^*, and on animals by us^^'^^ 


We measured the surface area of about 600 farm animals by the method^^ illustrated in 
Figs. 13.1 and 2. It consists in passing a revolving cylinder, attached to a revolution 
counter, over the surface of the animal. The area is the product of the number of revolu- 
tions made by the roller and the area of the roller. 

Figs. 13.2 a and b indicate how data on the first groups® of 96 dairy cattle, ranging in 
age from birth to maturity, appear when plotted in various ways on logarithmic and also 
on arithmetic coordinate paper. On the logarithmic paper, the data arc distributed 
beautifully around the straight line, with an average error of only 1 .9 per cent, indicating 
that area is a fractional power function of body weight, as represented by equations 
(13.2) and (13.3). The numerical value of the exponent is, however, not § (f.c., 0.67) 
but of the order of 0.57. The numerical values of the exponent h of the other animals^® 
measured by the integrator method (Fig. 13.1) are shown in Table 13.9. 

For comparative purposes we fitted equation (13.2) to human data^^. Tlie value of 
the exponent h varied with the range of data employed. When the data range in age 
from birth to maturity, the value of 6 in equation (13.2) is of the order of 0.70 (Area = 
O.IOW®-^®, weight in kg, area in sq meters). If, however, the data are limited to a narrow 
age range such as those obtained by Mrs. Bradficld^ on college girls, the exponent is 
only 0.55 (Area = 0.17617®*®^^). In other words, form and specific gravity vary with size 
at constant age in a different manner than with changing age during growth. 

A similar result was obtained on the relation between surface area and weight of dogs. 
We found^^ that the value of the exponent b in equation (13,2) is 0.70 for Stewart’s dogs, 
ranging in weight from 0.14 to 4.0 kg; and only 0.37 for Lusk’s mature dogs ranging in 
weight from 6 to 12 kg. 

Du Bois^'^ suggested that “a tall, thin man may have exactly the same weight as a 
short, fat man, yet have a much larger surface area”, and that there is need to correct 


21 Boyd, Edith, “The growth of the surface area of the human body”, University of 
Minnesota Press, 1935. For E. F. Du Bois’ classic contributions see, “Basal metabolism 

in health and disease”. . . , •< 

22 Elting, E. C:., and Brody, S., “A new method for measuring surface area and its 

utilization to determine the relation between surface-area growth, ''’^Jg^^^^growth and 
skeletal growth”, Mo. Agr. Exp. Sta. Res. Bull. 89, 1926, Elting, J. Agr. Res. 33,269 (1926). 

23 linxiy, S., (’omfort, J. E., and Matthews, J. H., “Further investigations on surface 

urea,” Mo. Agr. Exp. Sta. Res. Bull. 115. ^ ^ 

2* Bradficld, II. S., “The determination of the surface area of young women , Mo. 

Agr. Exp. Sta. Res. Bull. 109. . , t »r j 

25 Du Bois, D-. and Du Bois, E. F., Arch. Ini. il/cd., 17, 863 (1916). 
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for this difference by taking linear size into consideration. This is evident from geo- 
metric considerations. The difference in the value of b for humans and for dogs when 
including wide and narrow age ranges is of the same type as observed by Du Bois on short 
and tall men. Du Bois’ method of including a linear measurement proved to be highly 
successful for human data and is now generally employed. However, our attempt to 
include one or several linear measurements for relating area to size of farm anifnals 
gave disappointing results. 

Fig. 13.3 is a graphic argument against adopting surface area as reference base for 
metabolism. Three groups of rats were measured by the same method, but by different 
investigators. The curve labelled (1), fitted to the data by Mitchell and Carman^ is 25 
per cent above curve (2) , fitted to data by Lee^^ ; and curve (2) of Lee is 30 per cent above 
curve (3), fitted to the data by Diak28. ^o two sets of data agree, and the average differ- 
ence between two of the sets is 60 per cent. 

The above consideration of the surface-area problem leads to the conclusion that while 

external surfaee area is a factor in conditioning heat production, it is not logical to 
employ it as reference base, first because it is difficult to measure with precision the 
physical (anatomic) surface area, and certainly not the ‘ free or physiologic surface 
area — at least of non-human species; and secondly, because the immediate metabolism 
control resides not in the external surface but in the neuroendocrine system. We have 
given much space to surface area because of its historic interest, and because its im- 
portance is likely to increase in the near future with the accumulation of data on the 
mechanism of heat dissipation. 

In addition to surface area, “active mass” or “protoplasmic mass” has been suggested 
for use as reference base for metabolism. This suggestion originated with Voit^^, and 
extended by Benedict^", Be Breton and Schaeffer’', and others. The basic idea is that 
increase in size during growth is associated with increase in the proportion of paraplasm 
(products of cell differentiation): the ratio nucleus volume cytoplasm volume or 
nucleus/cell declines with increasing size during growth of the animal, and that the 
metabolic rate, as well as growth rate, is conditioned bj this latio. 

While much has been written on the active-mass theory, it is iiractically useless be- 
cause it is oven more difficult to measure “active mass” than surface area in spite of the 

many published methods^^ 

An analysis of published data on purine and total nitrogen in the body in relation to 
body weight and to heat production yielded much less satisfactory -indeed, very erratic 
—results than the relation of heat production to surfaee area. 

The foregoing diseussions iudicute that it is theoretically more logical and 
practically simpler to relate metabolism, not to surface area or to 11'*, or to 
“active mass”, or “protoplasmic mass”, but to the noncommittal physiol, nji- 
ccilly cffcclicc boiK' sizi* repre.sented s\mbolitallN b\ 11 , tlu \ahK ot tlu ix- 
ponent b to be determined Irom actual data, the latio vil metalmh.sm, 1 , to 

Mitchell 11. 11., and t'aiiuan, tl., .tia. ./. I’lujsiol., 76, ,1M' (.U'-ti). 

”l,oe, M.’0.,'--t»i. ,/. rhi/siol.. 89. -M d'.'J'O. 

“Diak, S. 1;., ,/. -Vid.. 3. •-’S'.i it'.idOK 

Vdit (' Z Biol 41, IbiO-'dlL 

Cy Benedict, V. tV, -I- 20, •Jlvt OOIM; -tm. ,/. Physiol.. 41. JUJ iP.UfO; 

and many subsiMiuout papers. i i • i • ■ ■ i i i . 

31 I c> BnUou ami SeliaelVer. ( I .. “UtaduMvIu's do physiolopo gonoralosur la ilotonuina- 

,io„ ,; £ , 

('nnkUii \' (1. ./, /'..r/f. /<»<*/.. 12. I Matiu'ws, .V. 1 . .Im. ././ . 1. 

•U5 (ISiis)' Koboi'tson, T. B.. AnslniUiUi J. Biol. Mai. Scr. 6. Wohovx 

im and IhiwboVn, m! /•/ . p. . Ituchn, V.P.1,1. .V; Ma.-sion, It K , /,/ , 

1,\H) (IIV.M). Lo Biolou ami Srliaodoi-, ‘'\anation Bioolmu. oto.^i 
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Fig 13 4— The relation between the value of b in the equation F - aX^ 
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metabolically effective body size, TF^ or to X^ should be approximately 
constant, a. 







(13.2) 


13.4: Properties of equations Y = ax’- and Y = relating surface 

area or metabolism to body size. A brief discussion of the mathematical 
significance of equation (13.2) above may be helpful at this time. 


This equation is usually written in the form 

Y = aX<> 


(13.2) 


in which F is metabolism, surface area, or other given dependent variable, and X is body 
weight or other independent variable. 

This equation is generally known as a parabola, or a logarithmic equation, since on 
taking logarithms we obtain the equation 

log y = log a + 6 log Z (13.3) 

which, incidentally, has the same form as the linear equation 

Y = a + hX (13.4) 


In fitting the logarithmic equation, (13.3) to data, exactly the same method is used 
as in fitting the linear equation (13.4), except that in place of T or X we deal with log Y 

and log X. . , . , -ri • 

Just as linear equation (13.4) is a straight line on arithmetic paper, so logarithmic 

equation (13 3) is a straight line on logarithmic paper. As linear equation (13.4) repre- 
seats constant absolute increase in Y for constant absoiaic increase in X, so logarithmic 
equation (13.3) represents constant percentage increase in Y for constant percentage 
increase in X This is the feature of logarithmic coordinate paper: deviations from the 
average are shown spatially in proportion not to absolute but to percentage deviation. 
Thus a 10-lb deviation on a 100-lb animal is shown on logarithmic paper by the same dis- 
tance as a 100-lb deviation on a 1000-lb animal, because in both cases the percentage 
deviation is the same . For practical purposes it is more useful to have data or tables of 
constant percentage than of constant absolute accuracy. The linear equation (13.4) is 
fitted to data by the method of least squares, on the assumption that a given absolute 
deviation about the fitted line is equally important to animals of different weight; the 
logarithmic equation (13.3) is fitted to data on the assumption that a given percentage 
deviation about the fitted line is equally important to animals of different size. It is 
obviously more rational to assume tliat a given percentage deviation has the same sig- 
nificance for the large as for the small animal, than that a given absolute deviation has 

the same significance for the large as for the small animal. 

Equation (13.2) is interpreted as meaning that increasing X by 1 per cent is associated 
with a differential increase in Y by b per cent. Thus, assuming that in equation (13.2), 
Y represents metabolism or surface area and X represents body weight and the value 
of the exponent b is 0.7, then increasing body weight by 1 per cent is associated with a 
differential increase in metabolism or in area by 0.7 per cent; doubling body weight 
(increasing it by 100 per cent) is associated with a metabolic or area increase not of 100 

per cent but of 70 per cent. 

The value of the exponent represents differential or very small relative change as com- 
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puted by the differential calculus. The relation between the differentially computed 
and conventionally computed changes is indicated in Fig. 13.4. 

The exponent is the actual slope of the curve when plotted on logarithmic coordinate 


paper; it is the ratio — — , which, if desired, can be measured by a pair of dividers, 

Aj — A2 

“by inspection”, or by the method of least squares, as illustrated in the appendix to this 
chapter. 

Instead of relating Y (metabolism, area, etc.) to weight alone, or we may in- 
clude another independent variable such as height, H”*. Du Bois^® reasoned that since 
area is a bidimensional measurement, both sides of the equation relating area to size 
should be bidimensional. In order to keep the formula containing weight and height 
bidimensional, it was written in the form 


A = 


and by trial the values of a and 6 were found that keep the form bidimensional. In this 
way it was found that the formula 


is bidimensional^ and best represents the data. This is the well-known Du Bois height- 
weight or linear formula for estimating surface area of humans. 

Cowgill and Drabkin^S working with dogs, concluded that the value of that is, the 
exponent of H in the Du Bois formula, is not 0.725, but 1.0. 

All the above mentioned relations between surface area and body size may be repre- 
sented by the equation 

A = 

According to the general assumption that weight varies with the § power of body weight, 
the value of m is zero; according to Cowgill and Drabkin's formula, it is 1 ; according to 

Du Bois formula, it is 0.725. 

What is the value of m? Is it 0, 1, or 0.725? 

The answer may be formulated graphically as follows: 

Equation (13.2) 

A = aW'> (13-2) 

is changed to 

A = aW^H”' (13.2A) 


in which A is area, IF is weight, H is height. 
Then 

A 


H 


= aW^ 


(13.2B) 


m 


and, on taking logarithms. 


log 7 — = log a + b log IF 


(13.20 


Fv^mole of bidimensional writing of the area formula: Dimensionally, area, 
igh"Saro[i, is height cubed, height is the cube root of weight, 


is lieight 
IFl, so that 

may be written dimensionally 


,1 = U'.«5//.725 


//2 = //3 X . 425//-725 
_ // 1 . 276//.725 
.% //2 = ^2 

Cowgill, G. R., and Drabkin, D. L., J . Physiol. y 81, 36 (1927). 
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Fig. 13.5— The relation of area, A, and of basal energy metabolism, E, to body weight, 

W, and height, H, in man. The ratios ^ are plotted against weight. The most nearly 

straight line is obtained when m is 0.4. On increasing the value of m the resulting curve 
tends to break up^into 3 segments. The breaks are distinct when m = 1 (value employed 
by Cowgill and Drabkin for dogs), or 0.725 (value employed by Du Bois and Du Bois 
for man). The star represents Mrs. McK (see Du Bois and Du Bois) weighing 204 lbs 
and having the height of a 12-year old girl. Note the position of the star for various 
values of the exponent m. Note that when m - 0, that is, when height is omitted, the 
distribution of the metabolism data is satisfactorily linear, with a slope (value of b) 
of 0.686. 
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which indicates that plotting logarithms of the ratios of area to height, raised to the 
power m, against the logarithms of weight, should give a straight line of slope b. Fig. 
13.5 represents such ratios for human surface-weight data from birth to maturity. 

The lowest curve in Fig. 13.5 represents the ratios of area to simple height, to //*•**, 
pktted against weight on a logarithmic grid (equivalent to plotting log il/Zf against 
log W). The curve is seen to be made up of three fairly distinct segments. The equa- 
tions for each of the three segments are given on the curve. According to equation 
(13.2C), the plot of log A/H against W should result in a straight line while Fig. 13.5 
shows that it is not a straight line; therefore, either equation (13.2C) does not represent 
the data, or the value of m is not 1 ; in other words, this curve precludes the value of m 
being unity, LO, as assumed by Cowgill and Drabkin®^ for dogs. 

The second curve from the bottom represents a similar plot when m is assumed to be 
0.725, the value assumed by Du Bois and Du Bois*^ for man. When the value of m is 
0.725, the distribution of the data points more nearly approaches a straight line. 

In similar manner we assumed the value of m to be 0,5, 0.4, 0.3, and 0, and the resulting 
values of AfH”^ w'ere plotted against IF. Looking over the chart we concluded by 
inspection that tlie best agreement between observed and computed values is obtained 
wh6n m = 0,4, We included in these computations the data by Bradfield^*, Du Bois 
and Du Bois^^, Frontal!^, Lissauer^^, Takahira^®, and Worner^®, a total of 133 measure- 
ments, and with two exceptions, all the data points are within 10 per cent of the average. 

The results in Fig. 13.5 lead to the conclusion that for individuals of “normal” build 
the equation relating area to weight and to height is 

A = 240 (13.5) 

contrasted to Du Bois’ 


A = 71.84 

in which A is surface area in square centimeters, H height in centimeters, and W weight 
in kilograms. Equation (13.5) was used in preparing Fig. 13.6 for predicting surface 

area from weight and height in man. 

But for individuals of “normal” build it is not really necessary to take height into 
consideration, because as shown in the top curve of Fig. 13.5 the equation 


A = lOOOir-685 

is satisfactory. 

As previously noted, introducing a linear measurement in the formula does not im- 
prove its predictability for farm animals, although it does so remarkably well for man. 
The age-weight-height interrelation for man is of quite a different order than for farm 

animals (Chs. 16 and 17). 


13.6 : Relation of basal energy metabolism to body weight in mature ani- 
mals of different species. The metabolism data from mice to elephants in 
Table 13.1 were plotted on logarithmic coordinate paper and equation (13.2) 
fitted by the method of least squares. The result is shown in Fig. 13.7. T e 
value of h, the slope of the curve on the logarithmic paper, is 0.73, meaning 
that doubling body weight is associated with a differential metabolic increase 

3^ Du Bois, D., and Du Bois, E. F., Arch. Int. 16. 868 (1915); 17, 863 (1916). 

36Froiitali, G., Rivista di clinica Pediatrica, 26, 241 (192/). 

Lissaucr, W., Jahrb. Kindcrk., 68, 392 (1903). VtifrUJnn 

^‘‘Takahira, H., Report of the Imperial Government Institution for N * 

Tokyo, Vol. I. nq23) 

Werner, H., Z, Gesatrml. Exper. Med., 33, 510 (192^). 
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Fig. 13.6— A chart for estimating surface area of man from the formula given on the chart. 


of 73 per cent. 


The average numerical value of the ratio 


Cal/24 hours . __ _ 

IS 70.5, 


meaning that the average basal metabolism of the animals is 70.5 Cal per 
24 hours per kg”-^’. The deviations from the average are given for each value 
in Table 13.1. 
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Benedict^®, criticized this result because the metabolism of the dwarf mouse, 
marmot, boar, bull, and elephant deviate considerably from this average 
(Table 13.2). Our reply is that the metabolism values for these animals 
represent special cases. The dwarf mouse is a hypopituitary and a hypo- 
thyroid animal (this is the reason for its dwarf -size) ; it lacks normal meta- 
bolic mechanisms. The marmot is a hibernating animal^ bordering between 
homeothermy and poikilothermy (its rectal temperature may drop to 3° C 
during hibernation). In other words, the unusually low metabolism per 
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has the equation Lai/kg = /u.o Kg . vinoiu equation ^ I 

curve in the chart— tlie kg was omitted by oversight.) Ihe sum of the exponen 
u“o Hsing an.l .ledining curves is 1.0 (0.734 + 0.266 = 1 0). The data rd|resentcd by 

the crosses were omitted in computing the equation. increase 

in body weiglit of 100 per cent is associated with an increase in basal .• 

about 73 per cent . Note the consistent distribution of the data about the stra g 

kgO.-:! for the marmot is a species characteristic, not due to size as such. The 
high \ alues for the boar, bull and elephant reflect technical difficulties m 
measuring metabolism of these temperamental animals. At any rate, tne 
deviations do not appear to be due to size as such but to other factors, an a 
we claim is that the ratio of metabolism to the 0.73 power of weight is inde- 
pendent of body size as such : while the metabolism per kilo changes si/sfemaii 

cally from 8 Cal/kg for the elephant to 200 Cal/Kg for the mouse ; the metao- 

Benedict,® iind Table 13.2. 
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olism per Kg® '* shows no systematic change with changing body weight. This 
is as true for Benedict’s data, Table 13.2, as for the data in Table 13.1. 

Fig. 13.8 shows that the metabolism of mature birds of different species 
varies more nearly ynih the § power of body weight than with the 0.73 power, 
as appears to be the case with mammals. 
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Fig. 13.8— Basal metabolism of mature birds of different species plotted from data 

by the authors indicated in the charts. 


Fig. 13.9 compares the metabolism of individual gromng animals with the 
average curve in Fig. 13.7 for mature animals of different species. The devia- 
tions are so great that we decided to devote a special chapter (14) to the rela- 
tion of metabolism to weight in the same growing animals. 


372 


BIOENERGETICS AND GROWTH 


Fig. 13.7 shows that the numerical value of a of the ratio vanes 


kg® 


.73 


with the units employed. It is 70.5 when weight is in kg and heat in Cal/24 
hours; 39.5 when weight is in pounds and heat in kilograms; and 156.8 when 
weight is in pounds and heat is in Btu. 
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Fie. 13.9— A comparison of the weight curves ^ metabolism of 'Jabi 

the broken curve of the equation Q = 70.5i1/^". Tlie 7 namely Q = 

olism per kg as compared to the declining broken curve from Fig. 13.7, nan y H 

As previously explained, over a century ago Sarrus and Rameaux suggested 
surface area or the square of linear size or, what amounts to the same, t e f p 
weight be used as reference base for heat production and dissipation. 

In 1916 Krogh^' suggested the use of a power of weight as reference bas . 

o Krogh, A., “The respiratory exchange of animals and man,” New York, 1916. 
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Kleiber** reported that the J power of weight is a good reference base. At about the 
same, employing a different method of analysis and different data, wo published^* our 
results reporting the 0.73 power of weight as reference base. This report was extended** 
in 19®!. demonstrating that not only basal energj’, but also endogenous nitrogen and 
neutral sulfur tend to vary with the 0.73 power of body weight. The Conference on 
Energy Metabolism** tentatively adopted the 0.73 power of body weight as reference 
for energ>- metabolism. Benedict** criticised this reference base on the ground 
that the metabolism of the dwarf mouse, marmot, bear, bull, and elephant deviated 

grossly from the predicted values (see Table 13.2). 

As further argument against using the 0.73 power of body weight as reference base, 
Lee*' reported that a linear equation (13.4) represented metabolism data on rabbits as 
well as a power equation (13.2). However, Lee’s equation 

Y = 39.5X + 22.5 

shows it to be irrational because extrapolation gives a metabolism of 22.5 Cal/hr for zero 
body weight. We worked over Lee’s data with the result shown in Fig. 13.10, on a loga- 
rithmic grid in the upper left and on an arithmetic grid on the lower right corner. It 
appears that for the given range of data there is not much difference between the arith- 
metic and logarithmic fit; the slope of the logarithmic line is 0.82 rather than 0.73, as in 

Fig. 13.7. 

To check further the question as to whether within the species a linear equation is as 
good as a logarithmic, we measured** the basal metabolism of four groups of mature 
Rhode Island Red fowls, normal, and bantam (small) varieties. The result in Fig. 
13.11 shows that, if both varieties are included, the fowl curve coincides with the general 
mammalian cur^e in Fig. 13.7; the slope range for the various groups is from 0.70 to 0.74, 
and they practically coincide with curve (3), representing the mouse-to-elephant curve 
in Fig. 13.7. If, however, the equation is fitted to the larger variety alone (omitting the 
bantams) the slope is very low, 0.30 to 0.54, perhaps due to the fact that the larger birds 
of the larger variety were relatively fatter. Our result differs from Lee’s in that the 

slope is 0.74 or less, never 1.0 (i.e., never linear). 

There is a considerable body of data on metabolism of dogs, and it seems interesting 
to see how metabolism varies with body si^e. Are the slopes nearer 1.0 (Lee) or f (sur- 
face law)? We plotted in Fig. 13.12 several well-known sets of data**, giving a slope not 
of 1.0, but 0.61 for Rubner’s data, and 0.57 for Lusk’s and Kunde’s data. In no case did 

the slope approach unity. 

Finally, Fig. 13.13 brings together on a logarithmic grid the data from Figs. 13.7, 13.10, 

and 13.12;'it shows, by the curved line, the result of “forcing” a linear equation (by the 

method of least squares) on the data in Table 13.1. 

% 

We thus conclude that the basal energy metabolism of mature animals of 
different species tends to vary with approximately the 0.7 power of body 

« Kleiber, M., Hilgardia, 6, 315 (1932). 

« Brody and Procter, Univ. Missouri Agr. Exp. Sta. Res. Bull. 166, pp. 89-101, 1932. 
** Brody, Procter and Ashworth, Id. Res. Bull., 220 1934. 

Report of the Conference on Energy Metabolism of the Committee on Animal 
Nutrition, National Research Council, p. 7, 1935. 

Benedict®, Table 13.1®. 

Lee, R. C., “Size and basal metabolism of the adult rabbit,” J". Nut,y 18, 489 (1939). 
Grateful acknowledgments are made to C. F. Winchester and H, H. Kibler for 

&S818^&UCG • 

®® Rubner, M., Z. Biol.. 19, 535 (1883). Lusk, G., and Du Bois, E. F., J. Physiol., 
69, 213 (1924). Kunde, M. M. and Steinhaus, A. H., Am. J. PhysioL, 78, 127 (1926). 
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weight and suggest that Kg®-^ be taken as reference base for comparative 
basal metabolism measurements. 

13.6: Relation of endogenous nitrogen, creatinine, and neutral sulfur 
excretion to body weight in mature animals of different species. The 0.7 
power of body weight is not only a good reference base for basal energy metab- 
olism but also for basal protein metabolism, or endogenous nitrogen and 
neutral sulfur excretion.®^ This is demonstrated in Figs. 13.14, 13.15, and 
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Fie 13 10-Metabolisin of Lee’s rabbits plotted on logarithmic (^PPer left) and arith- 
Ltic floN^r right) paper compared with the mice-to-elephant curve from Fig. 13.7. 

13.10, plotted from data in Tables 13.4 a and b and 13^6. ^ 

exponent is seen to range from 0.72 (Fig. 13.14) to 0 74 (Fig. 13.16 • 

The creatinine excretion, however, varies not with the 0^^ Powei bu 
directly with weight. This is shown in Fig. 13.17, plotted from Table 13.5. 
In other words, creatinine cannot be taken as an index of basal energy me 

rtnrk inOI 


i^nB.SuVilesrBull. 220, 1934. 



BASAL METABOimr AND BODY WEIGHT 


375 


1 2 3 4 ^ 6 7 8 9 KDlBS 



Fig. 13.11— Metabolism of two varieties (bantam and normal) of Rhode Island Red 
fowls compared with the mice-to-elephant equation of 13.7. The curves of the two 
virtually coincide, the slope being nearly 0.73. If, however, the bantams are omitted, 
the slope is very low. 
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Fig. 13.12— Metabolism of three groups of dogs indicating a slope of 0.6 
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Fig. 13.14— Endogenous urinary nitrogen metabolism of mature animals of different 

species as function of body weight, plotted from Table 13.4b. 
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Fig. 13.16— A comnarison of endogenous urinary (U.N.) and total nitrogen (T.N ) 
(including fecal) excretion as function of body weight plotted from Table 13.4a! 
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Fig. 13.16— Neutral sulfur as function of body weight, plotted from Table 13,6 
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olism, as was suggested by Palmer, Means, and Gamble.” These authors 
reported that eight men produced on the average 0.98 Cal per mg creatinine, 
and that nine women produced on the average 1.26 Cal per mg. We have 
shown“ that the course of creatinine e.xcretion in growing dairy cattle does 
not parallel that of heat production. At a body weight of 40 kg, four Cal 



BODY WEIGhT (M) 

Fig. 13.18— Prediction curves for energy and protein catabolism as functions of body 

weight, plotted from Table 13.7. 

were produced per rag creatinine ; at a body weight of 400 kg, only one Cal 
was produced per mg creatinine. 

The parallelism between basal energy metabolism, endogenous nitrogen 
excretion, and neutral sulfur excretion — but not creatinine excretion — is 
illustrated graphically in Fig. 13.18, and in the prediction Table 13.7. Such 

“ Palmer, W. W., Means, J. H., and Gamble, J. L., “Basal metabolism and creatinine 
elimination,” J. Biol. Chem., 19. 239 (1914). 

“Mo. Agr. Kxp. Sta. Res. Bull, 143, pp. 58-61, 1930. 




380 


BIOENERGETICS AND GROWTH 


parallelism means that the ratio of endogenous urinary or total nitrogen to 
basal energy metabolism tends to be the same in small and large animals, 
namely, about 2 mg nitrogen per Cal. Practically, this means that the 
nutritive ratio, or the ratio of energy to nitrogen in a maintenance ration, is 
independent of body weight. 

Historical and explanatory notes: In 1928 Terroine and Sorg-Matter” reported data 
on the ratio of total endogenous nitrogen excretion, including fecalj to basal energy 
metabolism in mature animals of different species, mice, rats, pigeons, chickens, and 
rabbits, and found it to be approximately constant, namely 2.3 to 2.9 mg N per Cal, as 
indicated by the following table: 


Animal 

Mg total endog. N 
per kg-hr 

Cal basal metabolism 
per kg-hr 

Mg N per Cal 

Mouse 

34.8 

12.0 

2.90 

Rat 

18.8 

7.8 

2.41 

Pigeon 

18.8 

6.5 

2.89 

Chicken 

10.6 

4.6 

2.30 

Rabbit 

9.0 

3.4 

2.65 

Dog 

6.7 

2.4 

2.80 

Man 

2.2 

0.933 

2.32 


They also reported that changes in external temperature have the same relative in- 
fluence on total endogenous nitrogen excretion as on basal metabolism; that the ratio of 
total endogenous nitrogen to basal energy metabolism remains constant, regardless of 
temperature; and that, therefore, the minimum nitrogen excretion, like the minimum 

energy metabolism, is attained only at thermal neutrality. 

In 1935 Smuts®^ reported similar data (Table 13.4b) , but on endogenous urinary nitrogen 
alone (not including fecal N), and the energy metabolism was measured on the same 
animals (which Terroine did not do). The conditions were strictly basal. The range 
in live weight of Smuts* animals is much wider (from 20-g mice to 79-kg pigs) than the 

range of Terroine*s animals (from 15-g mice to 1.6-kg chickens). 

Smuts* results confirmed Terroine and Sorg-Matter that the ratio of endogenous ni- 
trogen to basal metabolism is remarkably constant for animals of different live weight, 
as indicated by the following ratios of mg urinary nitrogen to Calories basal nietab- 
olism; mice, 1.92; rats, 2.00; rabbits, 2.04; pigs, 2.10; average of all measurements, 1.99. 
If one recalls that Terroine reported the ratios in terms of total (including fecal) nitrogen 
to Calories, while Smuts reported his data in terms of urinary nitrogen to Calories, the 
differences between the N/Cal ratios of these two investigators probably disappear. 

Incidentally Bonnetss found that the N/Cal ratios of poikilotherms, namely frogs 
and tortoises, remain constant at different environmental temperatures, ranging from 
2" to 30°* they rise and fall together at a constant ratio with temperature changes, in 
the frog the average of this ratio was 7.2; but in the tortoises it was 2.8, very near the 
average found by Terroine and Sorg-Matter for homeotherms. Within each of these 
species however, this ratio remained constant for different environmental temperatures 
Bonnet suggests that reptiles are “biochemically intermediate** between homeotherms 

and poikilotherms. - 

63 Terroine, E. F., and Sorg-Matter, H., Arch. Intern. Physiol., 29, 121 (1920); 30, 

"^^SmutrD. B- fl933) 

Bonnet, R., Arch. Intern. Physiol. ^ 37, lOo (1933). 
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Fig. 13.19— A comparison on arithlog grid of the course of change of endogenous 
nitrogen with biisal metabolism and with body weight with time on X-free diet (Fig. 1 
p. 8, Missouri Res. Bull. 223). See page 353 for discussion. ’ 
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Creatinine: Fig. 13.17, based on Table 13.5, includes data on creatinine nitrogen ex- 
cretion of animals ranging in weight from 0.02 to 800 kg, thus furnishing a broad basis for 
generalization. Equation (13.2) was fitted to the data by the method of least squares. 
It appears that for the Missouri data, which represent growing animals, and for animals 
of different size of the same species, the creatinine excretion is directly proportional to 
body weight (the value of the exponent is near unity). For men of different weight the 


IRON RING 
WEIGHT 


HARDWARE CLOTH 
OP 



3 LITER 
BEAKER 


Fig. 13.20— Method of collecting 
urine from rats (Fig. 2, Missouri 
Res. Bull. 228, p. 9). 


creatinine excretion increases even more rapidly than body 
1 .29) . But for mature animals of dijrereni species the creat.mne 

the 0.83 to 0.89 power of body weight. Since the endogenous ^6 endogenous 

but the 0.72 power of body weight, the creatinine t" total 

urinary nitrogen increases with increasing body weight. The ratio of creati 

endogenous urinary N rises with increasing body weight from 4 per cent for g 

to 30 per cent for lOOQ-kg animals. Creatine nitrogen does not therefore, ^ 

Ti.e ,Zarl) u,itk either endogenous nitrogen nudaholisn, or vnth basal metaboUsm, but 

7nore nearly with body weight. i r rnnKin n fil for neutral 

Neutral sulfur: The data points in Fig. 13.16 (plotted from Table 13.6) 
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sulfur seem to be widely scattered, but the average slope is of the same order of magni- 
tude as the slopes of the basal metabolism and endogenous nitrogen curves. 

As regards the erratic distributions of the neutral-sulfur data, Folin“ reported that 
neutral sulfur excretion tends to be independent of the protein intake. No dietary pre- 
cautions would, therefore, seem to be needed. A large literature has, however, recently 
developed indicating that Folin's conclusion with regard to the constancy of neutral 
sulfur is not absolutely true. Since no special dietary precautions were taken in secur- 
ing the neutral sulfur data, and since the diet is an influencing factor after all, the erratic 
distribution of the data becomes understandable. 

According to Amann®^, the neutral.sulfur excretion is the same on low as on ^^normal** 
protein diets, but it is increased on high-protein diets. When the dietary protein is in- 
creased 15 times, the neutral sulfur excretion is tripled. The amount of neutral sulfur 
is thus not strictly endogenous; it is not altogether independent of the diet, although 
it is constant in comparison with total sulfur excretion. According to Amann, the 
factors affecting the metabolism of energy also affect the excretion of neutral sulfur; but 
the neutral sulfur excretion is not definitely proportional to calorie production, as is the 
case with endogenous nitrogen. 


13.7; Summary. Basal energy metabolism does not vary directly with 
simple body weight, with which would be proportional to surface 
area if different animals were geometrically and physically similar, which 
they are not; nor with anatomic surface area, which is not a constant for a 
given living animal. Basal metabolism varies directly with what we called, 
for lack of a more direct designation, meiaholically effective body weighty 
defined by The W represents body weight (we also used interchange- 
ably the symbols M and X)]b represents the slope of the curve when plotted 
on logarithmically coordinate paper, and is easily computed from the given 
data. By this method we found that the value of b is 0.73 for the data in 
Table 13.1, including animals ranging in weight from mice to cattle, and 
perhaps elephants. 

Interestingly enough, the value of b also turned out to be 0.73 for Bene- 
dict’s monumental data given in Tah\o 13.2, provideil that several evidently 
at 5 ^pical data are omitted. If these atypical data are not omitted, the value 
of b for Benedict’s data is 0.7(). 

On the other hand, the value of b for dogs of different size is only O.fi; for 
mature birds of different species the value of b ranges for several sets of data 
from 0.(52 to 0.70. For mature Rhode Island Red fowls of two varieties, it 
was 0.73 if both varieties were included, and onlv 0.5 if the bantam varietv 
was excluded. For luature ral>l)its of dilTerent siie, as I'eport*^! In- Let\ the 

Folia, O., Am, J. Physiol. ^ 13, IU> (UK)5). 

Anmnn, 0. V., Arch. Intern. Physiol., 37, 121, I6S ^103;^); Anuinn, (). V.. ami 
Mourot, th, /</., p. 150; Uiuafinmhory, U., .Inn. Physiol., 11, 2tU. 322 tUi35'; 
Torroino, 1*'. F., /d., p. 35-1. See also lanvis, H. IV, **Tbe ivlativo (diminatious of sulfur 
and nitrogen in the dog in inanition and subsequent feeding." J. Btol. Chem., 26, 61 
(1910); Carpenter, T. M., "('omnoaition of urine of atwrs as affected by fastings," 
Am. J, Physiol., 31, 519 (19271 ; Wilson. II. K. "Uelation betwtn'u sulfur and nitrogen 
motaboliam,** RtoeAem. J., 19. 322 (1925) ; 20, 76 (.19‘2lU; J. }*hysiol.,n, 240 tl*Vi3); Nlorgu 
lis, 8,, Hollman, V. L., and Hrown, H. 1., ’’Crinarv s\ilfur partitit>n in fasting dogs ” 
J. Biol Chem.y 77, 627 (192S). 
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value of h was 0.82. It is particularly variable for man, depending on the age 
range, although we suggest different constants for the DuBois linear formula 
(Fig. 13.6). We are not, however, concerned with human data, which are 
taken care of bj" DuBois formula. While we employ the reference base W® ’® 
throughout this book, yet because of these variations, we are inclined to drop 
the second decimal (which gives the impression of greater constancy or 
precision than is justified by the variability of the data) and suggest that 
1F®“ be adopted for the reference base for basal metabolism; that increasing 





FiK- 13. 21ji— Method of collecting cow's urine and feces into separate containers as 
used in our lalioratory . The motor and gear assembly keep the belts turning continu- 
ously toward the center. Feces which fall on the belts are carried through the trapdoors 
ami scraped o(T info t he tubs. Urine flows down the inclined belts and is directed by the 
funnel-shaped i)ans into the bottles. This apparatus was patterned after the installa- 
tion by Ritzman and Benedict, N. II. Agr. Kxp. Sta. IRilI. 2-10. 


body weight 100 per cent teiHi.s to be most nearly associated with a differential 
metaln)lic incn'ase not of 100 i)er cent l)ut only of 70 per cent. 

Tliis l efei i'iice l)a.se U’" ‘ has l)roader im])lications than appear, because it is 
also the refc'rence l)ase for many otlier pi’ocesses. Thus the endogenous 
urinary nitrogen and .sulfur excretion also vary with IF" '. Creatinine, how- 
(‘\'er, though a component of the endogenous nitrogen, reflects more nearly 
the mass of the supporting muscles than that of the vital visceral organs and 

so varies more nearly with IF"’ than with It'® h 

Special attention is given to the “.surface law”, the best formulation of 

which was made over a century ago but which is fre<iucntly re-discovered l)y 
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numerous investigators. This is typical of much scientific work, and of 
life in general : continuous forgetting and re-discovering of old tmths. 

The “surface law” is reasonable enough except that anatomic surface can- 
not be measured with precision; that physiologic, or“free”, or “metabolically 
effective”, surface is not identical with anatomic surface; that external sur- 
face is not the direct “cause” of a given metabolic level, although the correla- 
tion of metabolic level with surface area may have been an evolutionary 
prerequisite for surxdval — an evolutionary, or “remote cause”. 

The direct control of the metabolic level resides not in the external surface 
but in the neuro-endocrine system which, for geometric and mechanical “rea- 
sons” discussed in the text, tends to vary in size with surface area rather than 
with simple body weight. So it comes about that the size of the neuro- 
endocrine components, the surfaces, the heat dissipation, and the heat pro- 
duction all tend to vary in parallel (Ch. 17). They may all be said to vary 
with T7‘, and the value of b tends to be near 0.7. It will be shown presently 
that the quantity of milk-energ>’ production (Chs. 21, 22) and of egg-energy 
production (Ch. 23) likewise tends to vary with ^ as does basal energy 
metabolism and endogenous protein metabolism. This brings out the broad 
significance of the proposed reference base ^ which may be termed “physi- 
ological” weight in contrast to 11’' ®, which is the “physical” or gravitational 
w’eight.*® These interrelations and the importance of TF® will be further 
discussed in Chaptei-s 14, 15, 17, 21, 22, 23, and 24. In the meantime it is 
suggested that 1F® ‘ be tentatively adopted as reference base for basal-energy 
metabolism, endogenous nitrogen excretion, milk-energy production, egg- 
energy' production and related processes. 

The following tables are self-explanatory summaries and “predictions”. 

‘“Brody, S., “Relativity of physiologic time and physiologic weight,” Growth 1, 60 
(1937). 


* 
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Table 13.2. Heat Production of Mature Animals of Different Species^ 





Heat production per 24 hours per 

% Deviation 
Heat Product 
Obs. — Comp. 

Comp. 

Animal 

Weight 

1 

1 

Animal^ 

(Observed) 

Kg 

Sq. M. 

(mostly 

perlOirvi) 

1 

Kg-7* 

AnimaP 

(Computed) 

(Dwarf mouse) . . 

(gm.) 

(8) 

{oz.) 

.28 

1 

(1.00) 

125 

278 

1 

1 

34 

(2.1) 

(- 

• 

-52) 

Canary 

16.3 

.57 

4.9 

301 

762 

99 

3.6 

+36 

Albino mouse. . . 

21 

.74 

3.6 

171 

526 

60 

4.3 

- 

-16 

Sparrow 

22.5 

.79 

5.2 

231 

652 

83 

4.5 

+10 

Parrakeet 

27.7 

.98 

6.3 

227 

688 

86 

5.2 

+21 

“Fat Mouse”. . . . 

57 

2.0 

7.3 

129 

550 

59 

8.9 

- 

-18 

Dove 

150 

5.3 

17.2 

115 

609 

69 

18.0 


-4 

Pigeon 

278 

9.8 

28.4 

102 

667 

72 

28.3 


+0.4 

Rat 

400 

14.1 

33.2 

83 

672 

65 

36.9 

- 

-10 

Guinea pig 

410 

14.5 

35.1 

86 

707 

67 

37.6 


-7 

“Runt pigeon’-' . . 

.522 

lb 

1.15 

1 

1 

46.3 

89 

! 714 

74 

44.9 


+3 

Hen 

2.1 

4.6 

115 

55 

701 

67 

124 

• 

-7 

Rabbit 

2.6 

5.7 

117 

45 

619 

58 

145 


-19 

- V* 

(Marmot) 

2.65 

5.8 

(75) 

28 

421 

37 

(147) 

(- 

-49), 

Cock 

2.8 

1 6.2 

145 

52 

; 730 

68 

153 


—5 

“Wild birds” . . . . 

3.0 

6.6 

172 

57 

827 

77 

161 


+7 

Cat 

3.0 

6.6 

152 

51 1 

731 

68 

161 

1 

1 

1 

-6 

Macaque 

4.2 

9.3 

207 

49 

674 

73 

206 

1 

+0.5 

Goose 

5.0 

11.0 

272 

54 

930 

84 

234 

+16 

Dog 

Goat (doe) 

14.0 

31 

485 

35 

745 

71 

498 


-3 

36.0 

79 

800 

22 

734 

58 

994 

— 

-20 

Chimpanzee 

38.0 

84 

1090 

29 

964 

77 

1034 


+5 

Sheep 

Woman 

45.0 

99 

1160 

26 

917 

72 

1170 


—0.9 

56.0 

124 

1250 

22 

790 

66 

1373 


-9 

Man 

65.0 

143 

1640 

25 

917 

78 

1531 


+7 

Sow 

122 

269 

2400 

20 

974 

72 

2433 

1 

A 

-1 

^ A V 

(Boar) 

(235) 

518 

(5700) 

24 

1499 

106 

(3915) 

(+46) 

Cow & Steer 

500 

1102 

6200 

12 

1094 

66 

6817 


— y 

(Bull) 

(600) 

1323 

(12100) 

20 

1890 : 

113 

(7786) 

(+66) 

» 4 4 

Small horse 

253 

558 

4588 

18 

1147 

81 

4138 

H 

hii 

Large horse 

(Elephant) 

703 

1550 

11895 

17 

1504 

99 

8742 

(- 

1-36 

h67) 

(3672) 

8095 

(49000) 

13 

2060 

122 

(29300) 


I I * ■ . _ ■ ■ — 

’ ^rom F G. Benedict, “Vital Energetics” : Astudy on comparative basal metabolism. 
Carnegie Inst. Washington, Pub. 503, 19.38, pp. 175-6. The last 3 columns wore com- 

CoSuted by the writer from equation Q = 72.18 which may 

Q = 72.2 .V ”. This equation docs not include figures in parentheses The standara 
error of estimate is +15% and -13%. The index of correlation is 0.998, and the co- 
efficient of correlation of Cal/kg” is 15%. If the figures in paren^eses are not omitted, 
the equation is (? = 69 M with standard error of estimate of +27% and -21 %. 
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Table 13.3 

Rubner’s^ classic tabulation indicates that heat production per kg small mature 
dog is larger than per kilo large one, but nearly the same per square meter surface area. 
We found the following least-squares equation for Rubner's data: Q = 142M*®iS with 

+Sb = 5.7% and -Sr = 5.4%. 


Dog 

Body Weight 
(kg.) 

Heat Production in Calories per 24 Hours 

Per Kg 

Per Sq. Meter 
Body Surface 

Per Kg-w 

I 

31.20 

35.68 

1036 

136 

II 

24.00 

40.91 

1112 

140 

III 

19.80 

45.87 

1207 

146 

IV 

18.20 

46.20 

1097 

142 

V 

9.61 

65.16 

1183 

157 

VI 

6.50 

66.07 

1153 

137 

VII 

3.19 

88.07 

1212 

138 


^ Rubner, Max, *'Ueber den Einfluss der Korpergrosse auf Stoff— und Kraftwechsel”* 
Z. Biol., 19, 535 (1883). 


Table 13.4a. Data on Total (Including Fecal) Nitrogen 


Animals 

Body wt 
(kg) 

Total N 
(mg per 
day) 

Ref. 

No. 

Animals 

1 

Body wt 
(kg) 

Total N 
(mg per 
day) 

Ref. 

No. 

Mouse 


12.85 

1 

Rabbit 

2.60 

562 

1 

Mouse 


13.74 

1 

Rats 

.050 

31.6 

2 

Mouse 


13.75 

1 

Rats 

.100 

55.2 

2 

Rats 


56.4 

1 

Rats 

.200 

, 75.8 

2 

Rat 

.123 

51.2 

1 

Chickens 

.720 

: 237 

1 

2 

Rat 

.162 

65.7 

1 

Chickens 

.740 

240 

2 

Rat 

.168 

78.8 

1 

Chickens 

.760 

250 

2 

Rat 

.175 

84.6 ! 

1 

Chickens 

1 

.800 

253 

2 

Rat 

.202 

75.6 

1 

Chickens 

.800 

230 

2 

Piceon 

.260 

121 

1 

Chickens 

1.60 

434 

2 

Pieeon 

.300 

133 

1 

Chickens 

1.80 

454 

2 

Pieeon 

.340 

151 

1 

Chickens 

2.00 

291 

3 

Chicken 

.910 

218 

1 

Chickens 

1.92 

281 

4 

Rabbit 

1.88 

405 

1 

Chickens 

2.25 

475 

4 

Rabbit 

2.15 

463 

1 

Chickens 

2 . 2 s 

324 

4 


1. Terroine and Sorg-Matter, Arch. Internat. Physiol., 29, 121 C27). 

2. Terroine and Sorg-Matter, ibid., 30, 126 ('28). 

3. Mitchell and Hamilton, The Biochemistry of Amino Acids, p. 539 New York ('29). 
4 ! Ackerson, el al., Poultry (Science, 6, 153 (’25). 







Table 13.4b. Data on Endogenous Urinary Nitrogen, Plotted in Fig, 13,14. 



e 


392 


■ « li ff li M •« M M M M M M ra n M N CQ n N m so 'V M ^ ^ ^ ^ « 


ieioe«r»h> 


sgsssss 

snrssss 


8gi§^S§8SSSSSSSgS|gSS 

5?5— — r3c«*w«8w82 ««S«— nSSS 



o«ie«*0 80e»«ioxoio^^i00 0 9cor«*eoeo«ocae^o 


3 


es 

u 






c»r-«ce«©x*^»r-* — 

ggggj^g g J® ® 2 2 f* 2 5 d 5 5 ^ ? o § ** S ? o x c X ® * ® * X 3 


oQ99c*9^^^^^io^^^9xr^r^r^t«x xxx xxci2S£2S 22222 
«« 00 w w CO « w w CO « « « eo rt rt rt w « w « CO r: « rs c^ « ^ ^ ^ ^ 


io»oioicio^i 0 io*c*oo«cdor^t^t^c^t^xxxxxxc 5 c 500 ^^^^^^ 


isgs^^s^ig 2 S|gBg=i 5 iiai 2 ||i|iiii|| 


O^MO^OIQI^OX 
X O C^ C) *** ^ M CQ C^ 


XX 

X C4 X O C) X 

♦ « ♦ # 4 ^ 

^C^COXOXOX 


ya«t^ 3 xo©o- 22 : 222 S§§ 2 ? 522 §SSS 


o 

c 

: s : s : ^ 

03 


« M N N d N N N N d w N ej w « e«5 w « w CO eo « eo eo « « « « « ec w eo « w 


‘0^K»O©iOOOO»0»0‘OOOCJ'«»t'»OdC4l'-^OO©Xd0i00<0C0«Ot'^<0O 

^^oodt^-Nojdd©-I' 0 »ddd‘Oeo©‘ 0 ©‘rt'®*'-® 25 «« 5 M 5 M 5 SSeS 



P « « w ^ 
^■* - -• - 


(Q 

ja 


5 

(3 


^ 


'« ^ 




, g 

•« »•< 

<4 


5 

I 


X 


X 

X 




• ^ 

r^ 


a 

h* 

X 

X 


sfs 
.•sS 

W 

• '-2 
^■5 - 

■^* a® 
V : 

s ® • 

§■5.0 

.ti o3 

^i<5> 
• • » 
o r- X 
c^csc^ 


c^S 

w • 
X 


X 


X 


X 


r,s 


XCI 


i 

•k 

Cd 

c^ 

.< 


MV jmL 

o ® ^ 


X 


fO 

X 


Q 


‘-’2 


C^ 

C>) 


o 


0© 

^ u 

».'> V. 




o z 
sr 


2 2 

^j2 

5< 

- •'W • « to 

^ O*^ W ^ 
* *** ^ IS 

5^ 

c C c^ . 
3 0 0 — 
u U X c^ 
^ t f - o 
T. 0 0‘S O 


o 


-bS« 

^ r'^ 

■"•Iss 

Oj «3 #. 


X 

» 


S 

X 


c^ 

X 

• *x . 

w o 

• a% ^ 

"t^i? 

^ -0H 


*32 

iw •» 

ftj'-' r* 

•eo«-.P 

52Q'^ 

^ .^2 
.fO 

CO r^o 

• S 

fto3 ;■ 

^03 

gs5 9 

S--.-9 




--i§ 


XJ 

o 

s 


C 

o 

CO 


X 

a. 




c 

«o 


-.a c 


0 


V 

> 


X 
o® 

c^^. s' 

® • K o 

•a ** 

5 = t-"^ 

C9 O o 

^ • 

a o “■^ 

— *5 £“ 

cj c a>"* 


1-":^ r ^go£ 

. .:s s 5P S t§ » 
J»‘< o 5''^ o'^ £ 


- 5 «o- d j -5 ^ 


d c II.- 

gd-rt-- 


s 


» w w 

* •^ C? r r- 

4“’.-^^ I S'l S 
-e*^-£ 


^ V Q A a o h* S S 

M;: 5 S^««CS 0 . 3 ^ 2 ^W 


.q' 5 > -i^Sda 

o £ £ c^^-o S 

;§?oo«is5a 


♦J o o 
C o. 

do- 


• • • * • 
oOm-c^x 
^X xcox 


X 


X 

X 


; o a O S ^ 

I O ojs:^ $ c3 0 o 

iWO&HWmWWo 

Xt^xo^o^csix^xof^ 


o 

X 


o 

CO 

» 

X 

X 


«9 

;s) 

•c 


c< 

X 

ft 

X 

ft 


X 


Q 

C 

k 


•2 

a5 

go? 

•C5 w 

Or. 

co2 


X 

•#* 


X 


CS5 






X 


X 


?5 r 


♦ O 

X ;w X 
^fi3« 


s 

^Oq 
P9 


:2.is 

“>5" 


5^* J-4i 

^ O '*-'0 WCQ £* ,:il 


c^ 


o 

o 

ft 


X 3 




V 
G 
3 

o 
O 

o 

(ft 

c3 
c 

s 

PS 

*3 

X I 


eo" 


04^ 
X ^ 


X 


ft .o 

_x «x 

ftH *> "* X 


X 

X 


s=S?S 

0 ^j§g 2 =§ 4 idi: 

-a®^ ■ 

D’^ ^ asrsn:-^ 3 


> 


Oi 

>o"'^k 


o^ 


n 

n 


o 


c r<s 

«:sa. 


e 

Joe.® 

!* es 7? •‘3 

-5 « 


> 

a 

a 

B 

a 

a 


S«“’ 

d .V 

£ ^ = 

0 Md 


S - 

«5:0 
cj^ •♦♦ 

-■^ o 

E c c 


X 


X 


*3 


Is. 

X 


2-fiti-c u k d d® 2;£ 



0) 


"^Sr ft 
^ 5J H M 

wo^ 

CO w 

^• 5 « -r • kf* 

S . 2-^ 

/S'^-sS 

^-^Epis|« = 

« a|s?s.s =- 5 ''.||l|”. 

2- <3 5 §^ 


^ O 0-S'O 

CfflO ^ c « ’*’-1 

a - "^‘S"l'^.'i^:ss^a-gs=_£ 

4) 4, © n:S:;S c>» d— = 
c G a r. - ®fi5 — J32 
M rs'?i A>s*S*S*S 5 P P P ® 


dd 


D 

P3 

d 

«*d 

c 

c 

> 

• M 

e 

o 

**ft 

£ 

••ft 

£. 

£ 

0 

o 

JO 

ft. 

0) 

.c 

c 


0) ^ 0) 

O G C 


4) 

c 



^ 04 X^XCOI^CCC 4 d^Xx^XXt>^QOG>Oi-^ 04 X^X 


393 



Table 13.5. Data on Creatinine Nitrogen Excretion. 
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Table 13.6. Data on Neutral Sulfur Excretion. 
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13.8: Appendix. 

13.8.1 : Fitting equation Y = oA'* to data. As outlined in the introduction the equa- 
tion ^ 

Y = (13.2) 

may be written 

log I' = log a 4- 6 log X (13.3) 

which has the same form as the linear equation 

y = a + bX ( 13 . 4 ) 

^ 1 ^ 0 ^ yields a linear distribution of data on logarithmic coordinate paper, as 
(13.4) yields a linear distribution of data on arithmetic paper. The first procedure, 

then, IS to plot the data on logarithmic coordinate paper to determine whether the func- 
tion IS logarithmic. 

It is, moreover, very desirable to plot data in such manner as to give a linear dis- 
tribution of the data, for two reasons: (1) the eye is extremely sensitive to deviations 
from a straight line, and the degree of closeness of the grouping of the data around the 
straight line is a simple index of the degree of the reliability of the data; (2) it is very 
much easier to draw an average straight line than a curve. With some experience, such 
an average line drawn free-hand may be nearly as good as one fitted by the method of 
lea^t squares. The equation can then be fitted to the line drawn in by inspection. Two 

points are read from the line and the equation obtained by the method outlined at the 
end of this section. 

The second procedure of fitting equation (13.3) to the data is by the method of least 
squares. The problem is to find the numerical values of b and of log a so that the sum 
of the positive and negative deviations (vertical differences between the data points and 
the line representing the resulting equation) is zero, and the sum of the squares of the 
deviations is a minimum. 

Since the equation has two unknowns, we must have two equations (I and II) to solve 
it. These two “normal equations”, are obtained by multiplying the equation first by 
the coefficient of log a, then by the coefficient of b. 

Multiplying the equation by 1, which is the coefficient of log a, we get 

log Y = log a -1- 6 log A 
Then we sum uj) a I points, and got 

I. 2(log Y) = N (log a) -h 62(Iog A) 

(The symbol 2, Greek Sigma, stands for “sum of”; N represents the number of data 
points.) This is our first “normal equation”, I. 

Haying obtained the first “normal equation”, I, by multiplying the equation by the 
coefficient of log a, we next proceed to get the second “normal equation”, II, by mul- 
tiplying it by the coefficient of 6, namely by log A'. Multiplying by log A and sum- 
ming, we get 

II. 2 log A • log Y = log a 2 log X + b X (log^A) 

This is our second “normal equation”, II. The two “normal equations” that we must 
solve are, therefore, 

I. (log Y) = N log a -h 6 (log A) 

II. (log A" • log Y) = log a (log A) -h 6 (log* A) 

The application of the method of least squares is illustrated on the following set of 
actual metabolism data. 

From the above two “normal equations” we see that the values we need to calculate 
are: 

, (log Y); (log A); (log A ■ log Y); (log* A); X 

$ 

which are shown in the following table: 
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Species 

Bod^Wt. 

kg. 

log X 

1 

1 

Metabolism 

V 

Cnl/day 

i 

log r 

log .Y-iog r 

1 

1 

1 

(log* X) 

(log* Y) 

Mouse 

0.027G 



0.0990 

-1.08981090 

2.43079281 

0.48800100 

Rat 

0.22G 


23.6 

1.3729 

-0.8S075611 

0.4I718G81 

1.88485441 

Rat 

0.351 

-0.4547 

1 32.3 

1 . 5092 

-0.08623324 

0.20675209 

2.27708464 

Fowl 

2.0 

0.3010 

1 112 

Hssa 

0.01680920 

0.09000100 

4.19922064 

Sheep.. . 

42.7 

1.0304 

1105 


4.90195936 

2.65820416 

9.26228350 

Man 

70 

1.8451 

1700 

3.2304 ' 

5.90041104 

3.40439401 

10.43548416 

Pony . 

281 

2.4487 

46S3 

3.0705 

8.98795335 

5.99013169 

13.47257025 

Jersey Cow 

420 

2.0232 

5805 

3.7083 

9.SS500456 

6.88117824 

14.20008489 

Beef Steer 

700 

2. 8451 


3.9499 

11.237SG049 

8.09459401 

15.60171001 

Elephant.. . 

3833 

3.5835 

30924 

4-4903 

10.09099005 

12.84147225 

20.16279409 

Summations 

12.6173 


27.7S31 

55.07818780 

43.02130707 

91.98528765 


The number of data points, .V, is 10; (log-T) is given, to be used later in computing 
the standard error of estimate. 

I. 2 (log Y) = N log a -b 6 2 (log -Y) 

* 

II. 2 (log X • log 1") = log 0 2 (log X) + b 2 (log2 X) 

I. 27.7831 = 10 log a + 12.6173 b 
II. 55.07818780 = 12.6173 log a + 43.02130707 b 


Dividing each equation by the coefficient of log o, we get: 

I. 2.7783100 = log a + 1.2617300 b 

II. 4.3652911 = log a + 3.4097079 b 

We can now eliminate one of the unknowns, log a, by subtracting equation I from 


equation II 


1.5869811 = 2.1479779 b 
.-. b = 0.73882562 


To solve for log a, we substitute the value of b in one of the above equations. Sub 
stituting in equation I, 

2.7783100 = log a + (1.2617300) (0.73882562) 
log a = 2.7783100 - 0.9321984 
log a = 1.8461116; antilog of log a = 70.2. 

Inserting the numerical values of a and 6 in the original equation, we get 

Y = 70,2 ” 


sc».«r o. .1.0 data .boa. the .in. .he 

above equation. This test is called the “standard error of estimate the formula for 

which is* : 


= 


d' 

N' 


i. whieh d . .ingle de.ia.ion ’’T'r.le'g're™'".' 

;rh?Ls;'of 

The following short-cut formula is more suitable for solving our problem. 


Si, 


2(log2 y) - log g 2 (log y) - bl (log X X log K) 


og V * log X 


N 


/ 


4 « • « 


* Ezekiel, M., “Methods of Correlatio 
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Substituting: 


S{ 


1/ • log z — 


9 1.98528765 - (1.8461116 X 27.7831) - (0.73882562 X 55.07818780) 

10~^^~2 

^ 91.98528765 - 51.29070319 - 40.69317640 


0.00140806 


8 

= 0.000176075 


*8log y • log z — 0.0133 

between two logarithms, and since the difference 
Tkio ^ *. ^^Si^ritlims IS a ratio, we may e.xpress the standard error in ner cent To do 

100 for onr^h-f^^f a base, such as 100, along the equation line, to work from * Taking 
2 base line the logarithm of 100 is 2.000. Adding the standard error to it we 
get 2.0133. The antilog of this is 103.1, which is 3.1.per cent above our assumed base 

2.00 - 0.0133 = 1.9867 

tioI^fnTafo'^^r bt'r^ had we chosen any other point on the equa- 

tion line as our base. The standard error for the equation in per cent, is then ^ 

= 3.1 per cent 

— Sji = 3.0 per cent 

This value of the “standard error of estimate” means that two-thirds of the time the 
T 3 .I peJ'cen73 -3.o7eVc?nt!^“*'*‘°'‘ metabolism within 

tical measuref^t he regression coefficients but also other statis- 

vaLsUo t he s m, of 7 *he logarithms of the obLved 

small c7e rette7Jf7 the f ® hy capital letters, and deviatioL from mean by 

aT fonows - ^ fashion of Snedecorf, the desired reductions may be effected 


2 log X = 12.6173 


2 log A' 
N 



= 1.26173 



logX 
N 


2 log A' = 15.919626 


2 log r = 27.7831 


2 log Y 
N 


log= r = 91.985288 



log! X = 43.021307 


2 log Y 



log Y = 77.190065 


2 log! X = 27.101681 


2 log! Y = 14.795223 



2 log X- log Y = 55.078188 
2logX\ 

— ~ \ 2 log Y = 35.054771 
2 log X-log Y = 20.023417 

I 


• Method suggested by Hudson Kibler. 
t Snedecor, G. W., “Statistical Methods,” 1937. 
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The regression coefficients, a and 6, the standard error of estimate, ^^logyioii j or H-'STy.r, 
and the coefficient of correlation, p may then be computed as follows; 

log Y = 2.77831 + .738826 log X - .93220 = 1.S4611 + .738826 log X 
Y = 70.2 X® 



2 log> y - 6(2 log xdog y) 

N -2 


14.795223 - 14.793821 

8 


= .00017525 
5)locir-losz “ .01324 

+Srz = [(antilog .01324) - 1)100 = (1.031 - 1)100 = 3.1 per cent 
« 3.1 , ^ 

-Srz = j— = 3.0 per cent 


.t = 


6(2 log x-log y) 14.793821 


2 log* y 


14.795223 


= .99905 


p = .9999+ 

If we wish to evaluate 6 by inspection from only two data points (see p. 402) as for 
example from the weights and metabolism of the mouse and the elephant, we may do so 
by the equation 

^ log F(cle|>haDt) “ lOS F^Cmouac) 

log X(elepbaut) “ lOg X^(mou«®^ 


4.4903 - 0.6990 
3.5835 - 1.5591 


0.737 


Therefore, after taking logarithms on both sides and solving for 6, we have, 


» 


Y:Yi = 


log Y - log Yi 
log X - log Xi 


There is some objection to fitting a logarithmic equation to data by the method of 
least squares, because it involves squaring logarithms. To throw some light on this 
problem Feldstein and Hersh* made a comparative study of the constants obtained by 
computing them from the original data, and rom the logarithms of the data. They 
found that while the two methods gave very similar results the use of tlie logarithmic 
method was much less laborious. They were unable to establish any certain criterion 
. . . for deciding which of the two methods is to be preferred. 

The standard error of the exponent, 6, they proposed is 


/St = ± 


1 - <r log 

AT - 2 (7 log 



iV2(log^ y) - [S(log y)l » 
iV2(log2x) - Isdogi)]* 


It should be noted however, that Schmalhausenf antedated Feldstein and Hersh in 
publishine a le^t-souare solution of the e.xponent, b, and ormulas for the standard 
errors of 6 anKercept a, and also in defending the use of the least-square solution of 
the logarithmic form of the simple parabola we are interested in. 

• Feldstein, M. J., and Hersh, A. If. 

t Schmalhausen, I., Arc/i. iVec/i. Orya ., » ( 
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Table 13 . 8 . Numerical Values of . Y *’. 


A' 

A'J 

^ V -• 

A^3 

A'5 

A« 

A-' 

A-o 

A» 

2000 

256.9 

. 299.1 

158.7 

44.7 

95.6 

204.5 

437.3 

935.2 

1900 

247.5 

287.8 

153.4 

43.6 

92.7 

197.3 

419.8 

893.1 

1800 

1 237.9 

276.4 

148.0 

42.4 

89.8 

190.0 

402.0 

850.7 

1/00 

I 228.2 

264 . 7 

142.4 

41.2 

86.7 

182.5 

384.0 

807.9 

1600 

218.3 

1 253.0 

136.8 

40.0 

83.6 

174.9 

365.8 

765.1 

1500 

208.2 

' 241.0 

131.0 

38.7 

80.5 

167.2 

347.4 

721.9 

HOO 

198.0 

1 228. 9 

125.1 

37.4 

77.2 

159.3 

328.8 

678.4 

1300 

187.6 

216.5 

119.1 

36.1 

73.8 

151.3 

309.8 

634.6 

1200 

176.9 

203.9 

112.9 

34.6 

70.4 

143.0 

290.6 

590.6 

1100 

166.0 

191.0 

106.6 

33.2 

66,8 

134.6 

271.1 

546.1 

1000 

154.9 

177.8 

100.0 

31.6 

63.1 

125.9 

251.2 

501.2 

900 

143.4 

164.3 

93.2 

30.0 

59.2 

116.9 

230.9 

455.8 

800 

131.6 

150.4 

86.2 

28.3 

55.2 

107.7 

210.1 

410.0 

/OO 

119.4 

136.1 

78.8 

26.5 

50.9 

98.1 

188.8 

363.6 

600 

106.7 

121.2 

71,1 

24.5 

46.4 

88.1 

166.9 

316.5 

500 

93.4 

105.7 

63-0 

22.4 

41.6 

77.5 

144.3 

268.6 

400 

79.3 

89.4 

54.3 

20.0 

36.4 

66.3 

120.7 

219.7 

3o0 

72.0 

80.9 

49.7 

18.7 

33.6 

60.4 

108.5 

194.8 

300 

64.3 

71.1 

44.8 

17.3 

30.6 

54.2 

95.9 

169.6 

2o0 

56.3 

62.9 

39.7 

15.8 

27.5 

47.7 

82.9 

143.9 

200 

47.8 

53.2 

34.2 

14.1 

24.0 

40.8 

69.3 

117.7 

150 

38.8 

42.9 

28.2 

12.2 

20.2 

33.4 

55.1 

89.9 

125 

33.9 

37.4 

25.0 

11.2 

18.1 

29-4 

47.6 

77.1 

100 

28.8 

31.6 

21.5 

10.0 

15.8 

25.1 

39.8 

63.1 

75 

23.4 

25.5 

17-8 1 

8.66 

13.3 

20.5 

31.6 

48.7 

50 

17.4 

18.8 

13.6 

7.07 

10.5 

15.5 

22.9 

33.8 

25 

10.5 

11.2 

8.55 

5.00 

6.90 

9.52 

13.1 

18.1 

10 

5.37 

5.62 

4.64 

3.16 

3.98 

5.01 

6.31 

7.94 

9 

4.97 

5.20 

4.33 

3.00 

3.74 

4.66 

5.80 

7.22 

8 

4.56 

4.76 

4.00 

2.83 

3.48 

4.29 

5.28 

6.50 

7 

4.14 

! 4.30 

3.66 

2.65 

3.21 

3.90 

4.74 

5.76 

6 

3.70 

i 3.83 

3.30 

2.45 

2.93 

3.50 

4.19 

5.02 

5 

3.24 

3.34 

2.92 

2.24 

2,63 

3.09 

3.62 

4.26 

4 

2.75 

2.83 

2.52 

2.00 

2.30 

2.64 

3.03 

3.48 

3 

2.23 

2.28 

2.08 

1.73 

1.93 

2.16 

2.41 

2.69 

2 

1.66 

1.68 

1.59 

1.41 

1.52 

1.62 

1.74 

1.87 

1 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.9 

.926 

.924 

.932 

.949 

.939 

.929 

.919 

.909 

.8 

.850 

.846 

.862 

.894 

.875 

.855 

.837 

.818 

.7 

.771 

.765 

.788 

.837 

.807 

.779 

.752 

.725 

.6 

.689 

.682 

.711 

.775 

.736 

.699 

.665 

.632 

.5 

.603 

.595 



.660 

.616 

.574 

.536 

.4 

.512 

.503 

.543 

.632 

.577 

.527 

.480 

.438 

.3 

.415 

.405 

.448 

.548 

.486 

.430 

.382 

.338 

.2 

.309 

.299 

.342 

.447 

.381 

.324 

.276 

.235 

.1 

.186 

.178 

.215 

.316 

.251 

.200 

.158 

.126 

.09 

.172 

.164 


Him 

.236 

.185 

.146 

.114 

.08 

.158 

.150 

.186 

.283 

.220 

.171 

.133 

.103 

.07 

.144 

.136 


.265 

.203 

.155 

.119 

.091 

.06 

.128 

.121 

.153 

.245 

.185 

.140 

.105 

.080 

.05 

.112 

.106 

.136 

.224 

.166 

.123 

.091 

.067 

.04 

.095 

.089 

.117 

miiiB 

.145 

.105 

.076 

.055 

.03 

.077 

.072 


.173 

.122 

,086 

.060 

.043 

.02 

.058 

.053 


.141 

.096 

.065 

.044 

.030 

.01 

.035 

.032 


■ill 

.063 

.040 

.025 

.016 
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13,8.2: Numerical values of A'® A'^^‘, corresponding to values of A'; Sarrus and 

Rameaux, Bergmann, Ilubner, Mecli and otliers nssuined tliat the value of b is 2/3 in 
the equation relating metabolism, to body weiglit, A". In our study of the relation 
between metabolism and body weiglit of mature animals of difTcrent species, we found 
the value of 6 is 0.73. Kleiber found the value of b to be near 3/4. 

According to our proposal for relating metabolism to A'\ metabolism should be re- 
lated to or or depending on which of the values of b one accepts. In 
this chapter, metabolism is related to A '®, and the value of a, which might be termed 

Cal 

specific metabolism, is computed from the equation a = which is of the order 


A 


of 70.5 when A'’ is body weight in kg, or 39.5 when A” is body weight in pounds. Kleiber 
evaluates a from the equation n = which is of the order of 72 when A is body weight 


in kilos. 

To save time computing the values of A •'^ or A"^/\ or A-^^, we present Table 13.8 
giving a series of numerical values of A*" for corresponding values of A' (body weight). 
If the desired values of A are not in the table, given values of A"** may be plotted against 
corresponding values of A^, and the value of A** read for the desired value of A. 


Table 13.9. The numerical values of a and b in the formula surface area = a (weight)'*. 
The area is given in sq. meters, weight in kg. (see p. 360). 



a 

b 

Dairy cattle 

0.14 

0.57 

Dairy cattle 

0.15 

0.56 

Dairy cattle 

0.12 

0.60 

Beef cattle 

0.13 

0.56 

Horses 

0.10 

0.64 

Swine 

0.10 

0.63 

Sheep 

0.12 

0.57 


Remarks 

50 Holsteins, birth to maturity. 

Av. of 46 Jerseys and 50 Holsteins, birth to maturity. 
Av. of 482 Guernseys, Holsteins, Jerseys, Ayrshires, 
birth to maturity. 

Av. 341 Herefords and Shorthorns, males, females, 
and steers, birth to maturity. 


Chapter 14 

Metabolism and Pulmonary Ventilation in Relation to 

Body Weight During Growth 


The embryo has no surface if the woM surface be used in the physiological 
sense intended to convey to the reader the idea of an area from which heat is 
dissipated. J. Barcrojt 

14 , 1 : Definitions. Fig. 13.7 shows a remarkably constant ratio of basal 
metabolism to in mature animals of different specieSy including the 

enormous bodj'-weight range of 0.02 to 4000 kg (mice to elephants). 

Such constancy cannot be expected during rapid growth for several reasons. 
First, there may be a work-energy cost (in the thermodynamic sense) of growth 
not separable from the basal metabolic cost (Ch. 3) which, of course, changes 
with advancing age and growth rate. Secondly, early life is essentially poikilo- 
thermic (Ch. 11); the thermoregulator}^ mechanisms are not called upon to 
function during prenatal life, so that it requires some time to develop their 
functions postnatally. Thirdly, the neuro-endocrine s^^stem involved in the 
thermoregulatory control of the metabolic rate does not attain maximal 
functional level until relatively late in life. For instance, the sex endocrines, 
adrenals, and thyroid influence energy^ metabolism, yet they do not mature 
until after puberty (Ch. 17). The brain, which is also said to be involved 
in the control of metabolism (Chs. 13, 17), does not attain the maximal 
metabolic level until age about 20 years in man, and 30 to 50 days in the 
rat^'2; the situation is similar in the dog, cat, rabbit, and guinea pig. The 
muscular mass, which necessaril}’- affects metabolism, increases in man from 
25 per cent of the total body weight at birth to about 43 per cent at maturity.^ 

As regards surface area, the younger the organism the more rapidly the 
change in shape from the '‘simple” spherical to the complex form, including 
many bizarre stmcturcs (allantois and anmiotic sacks, membranes, renal 
and other tubules, etc.), which serve as parts of the surface-area complex. 

Extrapolating the metabolism-surface “law” to the earliest stages leads 
to a fabulous heat production sufficient to bum up the early embryo. Thus 

1 Himwich, H. E., et al.y Am. J. Physiol., 126, 601 (1939); 134, 281 (1941); 137, 327 
(1942); 142, 544 (1944). 

2 Tyler, D. B., and Harreveld, A., Id., 136, 600 (1942). 

* Wilmer, H. A., Proc. Soc. Exp. Biol, and Med., 43, 545 (1940). Latimer, H. B., 
Growth, 8, 218 (1944). 
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extrapolating the equation Y = 70.5 A'" '’ (Fig. 13.7) yields the following 
fantastic values : 

Weight (g.) 10 1 0.1 0.01 0.001 0.0001 0.000001 

Cal/kg/day 246 455 848 1578 2939 5472 18980 





20 30 40 50 60 70 60 90 lOO 1 10 lA) 

AGE. DAYS 



WEIGHT, GMS. 


Fig. 14.1. Metabolism per unit surface area in rats as a function of age (upper section) 

and of weight (lower section). Plotted from Table 14.1. 


The conclusion is that the metabolism per unit surface aiea, or per 
(when b is I to f), cannot remain constant during early growth, and that heat 

production per unit area must begin at a relatively low rate. 

Because of the changing nature of the factors making up the heat-produc- 
tion complex in rapidly growing animals, we shall employ not the designation 
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"basal metabolism”, but '‘resting metabolism” when the metabolism is not 
post-absorpti\'e and “fasting metabolism” when the resting metabolism is 
approximately post-absorptive. The following discussion is concerned with 
resting metabolism during postnatal growth — birth to sometime after puberty 
— in the form ot age and weight curves of metabolism; and prenatal growth 
mostly in the form of total metabolism as function of birth weight. 

APPROXIMATE AGE, CAYS 
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Fig. 14.2. The same data as 14.1, but the total metabolism per day is plotted against 
body weight on logarithmic paper. Basal data are shown in the insert. The other data 
represent ad libitum feeding. The curves for the various phases of growth represent 
the equation = aX^ fitted to the data by the method of least squares. 


14.2 : Metabolism in relation to body weight in the white rat, with notes 
on cerebral metabolism. The measurements were made"* at 30°C in an 8- 
chamber Regnault-Reiset volumetric apparatus (Fig. 12.11c) by the ox 3 "gen- 
c^nsumption method. Windows in the chamber permitted activity obser- 
vations; and as readings were taken eveiy ten minutes for over an hour, 
observed activity could be eliminated from the averaging. The results, 
shown in Table 14.1a and Figs. 14.1 and 14.2, are thus metabolism during 

^ Kibler, H. H., and Brody, S., J. Nut., 24, 461 (1942). 
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rest. Beginning with the thirtj'-second clay, fasting (14 to 2G hours) as well 
as non-fasting data were secured. No attention was paid to the time of food 
intake preceding this age. 

As explained in the foregoing section and sliown in Fig. 14.1, the metabolism 
per unit surface area rises; in this case it rises from about 400 Cal/sqm/day 
near birth to 1100 or 1200 at the age of 40 days or body weight of 100 g. 
Thereafter the metabolism declines to about 800 Cal/sqm/day at the age of 
four months or weight of 300 grams. After this, there is further decline 
associated with aging, discussed in Chapter 18. 

This is typical of most age curves of metabolism, and as noted in the pre- 
ceding section, it parallels in the rat the age curve of metabolism of the brain.- 
Such parallelism, however, does not hold for man. “In the human there is a 
slow rise in cerebral metabolic rate from birth to twenty years of age; it then 
remains constant until the senium when there is a progressive fall. The total 
human basal metabolic rate, on the other hand, is maximal at approximately 
two years of age. We are, therefore, left with different relationships for 
cerebral metabolic rate and basal metabolic rate in rat and in human”. ^ 

The explanation of this brain-body metabolic difl'erencc in rat and man is 
perhaps due to differences in the brain-body growth-rate difterence. Man^s 
brain may continue active growth for a relatively longer period than the 
raCs (Chs. 16, 17), and we believe (Cdi. 3) tliat the metabolic rate is closely 
associated with the gi'owth I’ate. The more rapid the growth rate, the 
higher the metabolic rate, i)artly because of the “work” of growth, but 
mainly because the rapidly growing tissue is more youthful, “more alive”, 
than the slow-growing or non-growing. “Retardation of growth is old age” 
(C. S. Minot, sec Ch. 18). It is particularly worthy of note (Table 14.1) 
that the metabolism per square meter tends to parallel the rise and decline 

of the growth rate (Ch. 3). 

When io/ai is plotted against body weight on logarithmic paper, 

as in Fig, 14.2 (which represents the same data as Fig. 14.1), the data appear 
to be distributed in four segments. To each of these segments the equation 
Y = aX^ was fitted. The meaning of the first break, between segments I 
and II, is not clear, but data obtained by a different method on different 
animals and at a different time substantiate its reality. 1 he break between 
segments II and III coincides with weaning, but may be due to a change in 
method of measurement, from entire litters in a chamber witli no contiol over 
activity to individual rats in a chamber, with elimination of activity. 

The final break, although it may not be as definite as pictuied, seems to be 
real and associated with a change in percentage growth rate. 1 leceding the 
break (at about 100 g body weight) metabolism increases with the 0.8 to 
0.9 power of body weight (a 1 .0 per cent increase in weight is associated with 
an 0.8 to 0.9 per cent increase in metabolism) ; following the break, duiing the 

^ Himwich, H. E., Personal communication^ 
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period of declining growth rate, metabolism increases with less than the 0.4 
power of body weight. On a percentage basis, then, total metabolism in- 
creases more rapidly with weight during the period of rapid growth rate than 
during that of declining growth rate (Ch. 3). 

Sex differences in metabolism at a given body weight become apparent after 
45 days, and perhaps may likewise be attributed in part to differences in 
growth rates, the males being chronologically younger and growing more 
rapidly than the females of the same body weight. 

Curve IX represents the relation of basal metabolism to body weight in 
mature animals of different species within the given weight range (Fig. 13.7). 
During the period of rapid percentage growth from weaning to 45 days, the 
metabolism (curve M) of the rats is considerabl}^ higher than that of mature 
animals of different species; but as the rats approach their maximum body 
weights their metabolism approaches that of other species. 

To summarize: when the resting metabolism of rats from birth to four 
months is plotted in terms of Calories per unit area, it rises steepl}" from 
birth (400 Cal/sqm/day) to the age of 40 days or to weight of 100 grams 
(1100 Cal/sqm/day for fasting and 1250 Cal/sqm/day for ad libitum feeding) 
and declines thereafter (800 Cal/sqm/day at four months). When plotted 
on logarithmic paper in terms of total metabolism against body weight, the 
distribution of the data indicates the presence of three breaks, one at the age 
of about ten days, one at weaning about three weeks, and one at about forty 
days. The first three segments have slopes ranging from 0.80 to 1.1 (the 
differential percentage rise in metabolism is 0.80 to 1.1 times as rapid as in 
body weight); the fourth segment has a slope of only about 0.2. The slope 
of the curves appears to vary directly with the percentage growth rate. 

There is need for investigating the mechanisms behind these age changes; 
for correlating the age changes in metabolism with age changes in develop- 
ment of the oxidation-reduction enzymes®, with age changes in ability to 
derive energy by glycolysis or fermentation (as contrasted to respiration, see 
Ch. 6), with age changes in homeothermy (discussed in Ch. 11), and with 
structural changes (Ch. 17). 

A most interesting report is that by Himwich el alJ on age changes in 
tolerance to anoxia, hypoglycemia, fluoride, iodoacetate®, and carbon monox- 
ide.® While mature animals succumb in about three minutes, the average 

® Cf. Needham, J., “Chemical Embryology,” 1931, and “Biochemistry and Morpho- 
genesis,” 1943. 

’Himwich, H. E., et at., Am. J. Physiol., 134, 2S1 (1941); 136, 387 (1942). See also 
Enzmann, E. V., and Pincus, G., /. Gen. Physiol., 18, 163 (1934), and Barcroft, J., Proc. 
Roy. Soc., 118B, 242 (1935); Physiol. Rev., 16, 103 (1936). Windle, W. F., “Physiology 
of the fetus,” Philadelphia, 1940. 

® Cf. Chapter 6. The sequence of anaerobic transformations, glucose phosphate 
—* triose phosphate — > phosphoglyceric acid — > pyruvic acid — ♦ lactic acid, is blocked by 
fluoride at the phosphoglyceric acid stage and by iodoacetate at the triose phosphate 
stage. 

® Cameron, J. A., J. Cell, and Comp. Physiol., 18, 379 (1941). 
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survival values for newborn animals in a pure nitrogen atmosphere is, in 
minutes, 50 for rats, 25 for cats, 23 for dogs, IG for rabbits, 7 for guinea pigs. 
The longer survival value for the newborn is attributed by Himwich to lower 
brain metabolism, to early poikilothermicity, which makes smaller demands 
on oxygen, and especially to the fact that younger animals can and do obtain 
more energy by glycolysis.^ One may suggest that the less highly developed 
brain of the immature animal is less sensitive to oxygen lack than the more 
highly developed brain of the mature. Fig. 14.3, after Himwicld et al, 
illustrates the age changes in cerebral oxygen uptake and anoxic sur\ ival 
time in rats. 



0 5 10 15 


Age in Days 

Fig. 14.3 Age changes in cerebral O 2 uptake and anoxic survival time in rats. From 
J. F. Fazekas, F. A. D. Alexander, and H. E. Himwich, Am. J. Physiology, 134, 282 
(1941). 

14.3: Resting metabolism and pulmonary ventilation in dairy cattle. 
The picture relating resting metabolism to surface area and to weight of cattle 
during postnatal growth is, in general, similar to that of rats (Figs. 14.1 and 
14.2) with the exceptions that (1) since cattle are bom at a more advanced 
stage of physiologic development, they do not show some of the early post- 
natal features observed in the age curve of rats (Ch. 16) ; and (2) the resting 
metabolism per unit area (or similar reference base) in cattle is above that of 
rats. 

The measurements were made before the regular morning feeding, 8 to 12 
hours after the previous evening feeding, by the oxygen-consumption method 
illustrated in Figs. 12.3 and 12.4. Unlike humans, cattle take some 48 
hours to reach post-absorptive condition, more or less time depending on age 
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and other factors. These data are not, therefore, '‘basal” metabolism, but 
normal, early-morning metabolism at rest in a comfortable recumbent posi- 
tion. The data thus represent approximately minimum energy cost of 
maintenance, presumably including the energy expense of the work of growth 
and also some of the heat increment of feeding (Ch. 4). 

Our numerical data**^ on the resting metabolism of Jersey and Holstein cattle 
are summarized in Tables 14.2 and 14.3. The resting metabolism per square 
meter per day is given in Figs. 14.4 and 14.5, and total resting metabolism as 
function of weight on logarithmic paper is given in Figs. 14.6 and 14.7. 



Fig. 14.4a. Resting heat production, Cal/sq m/day as function of age in Jersey 
cattle. The surface area, sq m, was computed from the equation A ~ (see 

Fig. 13.2 for details). 

The resting metabolism per unit surface area rises in cattle from 1300 to 
1400 Cal/sqm/day shortly after birth to about 2100 Cal/sqm/day at about 
five or six months (weight near 100 kg) and remains at this level for the 
duration of observation, until 24 months. The resting metabolism following 
this age is confused in dairy cattle (as managed under commercial conditions ; 
these animals were bona fide members of a commercial daily herd and not 
“experimental animals”) by the heat increments of gestation and lactation. 

The graph of the total metabolism as function of body weight on logarithmic 
paper, Figs. 14.6 and 14.7, shows a “break” at the age and weight correspond- 

Brody, S., Kibler, H. H., and Ragsdale, A. C., Univ. Missouri Agr. Exp. Sta. Res. 
Bulls, 335 and 350, 1941^2. 
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Fig. 14.4b. The same metabolism data as in Fig. 14.4a plotted against body weight. 



Fig. 14.5a. Similar data as in Fig, 14.4a but for Holstein cattle. 
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ing to maximum metabolism per unit area in Figs. 14.4 and 14.5, that is, at 
about five months or 100 kg. Unlike the rat age curve (Fig. 14.2), which 
shows three breaks, the cattle curve shows only the one break. The age 
curve of metabolism, as of growth (Ch. 16), of cattle is simpler than that of 
rats partly because cattle are born at a later developmental stage. 

The equation Y = a was fitted by the method of least squares to each 
of the two segments. The heavy lines represent the equation, the light 
broken lines the standard error of estimate, designed by Sr, including between 
them two-thirds of the data. The light, broken lines III and IV represent 
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Fig. 14.5b. The same metabolism data as in Fig. 14.5a plotted against body weight. 


the basal metabolism of mature animals of different species (mice to elephants), 
copied from Fig. 13.7. 

Figs. 14.6 and 14.7 show that preceding the “break” at 5 to 6 months, or 200 
to 300 lbs. live weight, the rise in resting maintenance energy cost is about 
80 per cent of the rise in body weight (the value of the exponent b is 0.8) ; 
after the “break” the rise in metabolism is about 60 per cent of the rise in 
body weight (the value of b is 0.56 to 0.60), which is the same as the rise in 
surface area with increasing body weight (Fig. 13.2a and b: surface area = 
0.151P*®'^). 

The consistency of distribution of the data is indicated by the high index of 
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Fig. 14.6. Jersey cattle. Resting oxygen consumption (left axis) and heat production in terms of Cal., Btu, 
and TDN (right axis), plotted against body weight. The heavy line represents the equation V = aX^ with 
the values of a and 6 given on the chart, as well as of z^Sr, which includes § of the data. The lowest dash 
line — 40% below the heavy line — represents the equation Y = 70.5X-’® for basal metabolism (Cal/day vs. 
body w'eight in kg) of mature animals of different species. 
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correlation and the low standard error of estimate. The consistency is indeed 
remarkable, considering that the measurements were taken at all seasons on 
many animals born at different months and years and measured by different 
persons and with different equipment. 

The resting (not fasting or “basal”) metabolism of the growing animals is 
seen to be considerably above that of the basal metabolism of mature animals 
of different species. As indicated at the bottom of Figs. 14.6 and 14.7, the 
basal metabolism of mature animals of different species is 40 to 48 per cent 
below that of tlie resting metabolism of the growing cattle, or the resting 
metabolism of the growing cattle is 70 to 90 per cent above that of the basal 
metabolism of mature animals of different species. The resting metabolism 
curve of growing rats shown in Fig. 14.2 is nearer the basal-metabolism 
curve for mature animals of different species than is that of the cattle. The 
fact that relatively mature cattle and perhaps other ruminants have a higher 
metabolism per unit area than other species is known. 

Partly because of the interest in the ventilation problem by air-conditioning 
engineers, we have also collected data on the pulmonary ventilation (volume 
of air exhaled or inhaled per unit time) of these cattle. Such data are par- 
ticularly useful for the light they throw on water vaporization, especially in 
slightly sweating or non-sweating animals, such as cattle. Although there is 
some question as to the saturation and temperature of the exhaled air, for 


practical purposes it is sufficient to assume that the exhaled air is saturated 
with moisture at the oral temperature of the species. The pulmonary venti- 
lation data, when combined with the oxygen-consumption data, thus fumish 
the ventilation or air-conditioning engineer practically all the needed data : 
air exhalation, oxygen consumption, carbon dioxide exhalation (virtuall}^ 
equivalent by volume to oxygen consumption) and water vaporization from 
the respiratory-oral system, which in non-sweating species is near the total 

water vaporized. 

The ventilation rate tends to vary with the metabolic (oxygen-consump- 
, tion) rate. In slightly sweating or panting animals such as cattle, the 
pulmonary ventilation rate serves a dual purpose, supplying oxygen and 
removing carbon dioxide and also fanning the pulmonary-oral surfaces, thus 
accelerating vaporization from these surfaces. In such species, therefore, 
the ventilation rate varies with temperature as well as with metabolic rate, 
and it is not surprising to find that the variability of the ventilation data is 
twice that of the metabolism data, as indicated in Figs. 14.8 and 14,9, lepre- 
senting on logarithmic paper ventilation rate as a function of live weight. 


"Ritzman, K. G., and Benedict, F. G., “Nutritional physiology of the adult 

The literature indicates that at the point of exhalation the air is 2 to 3 C below 
that of the mouth, and about 00 per cent saturated with respect to this exhalation 
temperature. In man, the usual oral temperature is a.ssumed to be 37 C, the air at 
expiration 34 to 36° C, and the water content of the expired air is about 80 per cent of 
that of saturated air at 37° C, containing 0 032 to O.p g. H.O per liter expired air. See 
Newburgh, L. H., and Johnston, M. W., Physiol, Rev,^ 22, 1 (1942). 
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Because of the high variability of ventilation data, no attempt was made to 
analyze the curve in two segments, and the equation Y = aX^ was ‘‘forced’^ 
on the data by the method of least squares. The slope, h, of the resulting 
curve is seen in Figs. 14.8 and 14.9 to be 0.72 for the Jersey cattle and 0.77 
for the Holstein cattle, which are reasonable values. 

A surprising feature of Tables 14.2 and 14.3 is the low oxygen decrement 
in the expired air, about 2 per cent, much below that in man. Direct 



BODY WEIGHT, KGS. X 


Fig. 14.8. Pulmonary ventilation rate (volume of air expired or inspired per minute) 
plotted against body weight. The heavy line represents the fitted equation Y = aX^, 
the dash lines, the standard error of estimate, Sr. 

analysis of expired air (the values in Tables 14.2 and 14.3 are computed from 
the ventilation rate and from oxygen consumption) yields higher values; in 
one analysis on a six-year old Guernsey cow the results were 2.4 per cent 
oxygen deficit immediately after feeding and 2.2 per cent after a 48-hour fast. 
The use of the oxygen-spirometer method reduces the apparent oxygen deficit 
in expired air'^, but not enough to explain the low value for the oxygen deficit. 
Carpenter^^ suggested that in these (slightly sweating or non-sweating) 

Carpenter, T. M., Boston Med. and Surg. 181, 334 (1919), reported a ventilation 
rate (for man) of 6.32 liters per minute for closed-circuit apparatus and 5.38 liters per 
minute for open-circuit. 

Personal communication. 
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animals “the water elimination from the skin is so low that in order for the 
heat to be eliminated by way of vaporization of water there has to be a 
tremendous increase in lung ventilation” with consequent decrease in oxygen 
deficit in the expired air. We also have good data indicating that the larger 
the animal, the lower the ratio of oxygen to consumed air inhaled. 

It is interesting to compare, by way of conclusion, the metabolism of the 
small Jersey and larger Holstein. This is done in Fig, 14.10. After the age 
of about six months Holstein heifers have a resting metabolism of, on the 
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Fig. 14.9. Ventilation rate as in Fig. 14.8 but for Holstein cattle. 


average, 2140 Cal/sqm/day; Jerse}'' heifers, 2000 Cal/sqm/day. While 
these breed differences are relatively slight, they are statistically significant. 
The higher metabolism per unit surface area of the Holsteins at given ages 
(lower left chart) may be due to their more rapid growth rate. Theie is 
considerable evidence indicating that the heat production increases with 

increasing growth rate (Ch. 3). 

When plotted against body weighty on the other hand, the metabolism per 
unit surface area and per animal appears to be greater in the Jerseys prior to 
about 100 kg body weight (lower-right and upper-left curves). This may be 
due to the fact that at a given body weight the Jersey is physiologically oldei 
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than the Holstein, and, as indicated in the charts, the metabolism per unit 
surface area (and per animal) rises with increasing age up to about six months, 
or up to about 100 kg body weight. 

The higher Holstein ventilation rate at given bod}'’ weights (upper-right 
curve) may perhaps be explained by the higher Holstein heat production 
(lower-right curve): ventilation rate is adjusted not onl}’’ to the need for 
oxygen but also to the need for heat dissipation, since ventilation is an im- 
portant method of heat dissipation in cattle and other non-sweating animals. 



To summarize: the resting metabolism per unit area in dairy cattle rises 
from birth to puberty and remains roughly constant until the age of 24 months. 
The general age picture of metabolism per unit area is not unlike that for 
rats, but the changes are less extensive because of the more advanced physio- 
logic age of cattle at birth. When total metabolism is plotted against weight 
on logarithmic paper the slope of the curve is about 0.8 prior to the break at 
5 to 6 months, and 0.5G to 0.60 after this age, which means that following six 
months the metabolism per unit area is practically constant. The resting 
metabolism of growing cattle per unit area is considerably above that of 
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growing rats or man. The ventilation rate of growing cattle increases with 
approximately the 0.7 power of body weight. 

14.4: Resting metabolism in goats. Goats tend to be seasonal breeders, 
usually conceiving in October or November (the gestation period is 151 days). 
Goats are, moreover, very sensitive to changes in temperature, pasture, and 
other conditions associated with changes in season, all of which are reflected 
in the metabolic rate (Fig. 8.12a). The births of the 22 goats we investigated'® 
were distributed throughout the year, with consequent individual differences 
in the slope due to seasonal and related influences. The slope relating resting 
metabolism to body weight ranged from 0.51 to 1.0. 

Because of this variability no attempt was made to analyze the goat data 
with respect to the presence of segments as was done for rats and cattle. The 
equation Y = ,aX^ was simply “forced” on the data b}’ the method of least 
squares giving slopes (values of the exponent h) ranging from 0.50 to 0.72. 
It may be recalled that after the age of six months the slope of the curve for 
cattle is O.GO (Figs. 14.6 and 14.7), quite close to the average of 0.64 for the 
goats. 

The slope for all the females was 0.64 ; for all the males, 0.68 ; for all the 
Toggenberg goats (males and females), 0.67 ; for all the Angoras (males and 
females), 0.56. 

We did not measure the surface area of the goats and found no surface- 
area data in the literature ; therefore, no charts relating metabolism to surface 
area are given. 

The metabolism for given individuals may be estimated from the following 
prediction values or from the equations. 


Body \Vt. (lbs) 

Body \Vt. (kg) 

Resting metabo- 
lism (Cai/day) 

4 

1.8 


240 

6 

2.7 


312 

8 

3.5 


375 

10 

; 4.5 


432 

12 

5.4i 


486 

14 

6.4 


537 

16 

7.2 


585 

18 

8.2 


631 

20 

9.1 


675 

25 

11.3 


779 

30 

13.6 


875 

36 

15.9 


967 

40 

18.1 

1053 

Breed 

1 

Toggenberg males 



Toggenberg females 



Angora males 



Angora females 




Body \Vt. (lbs) 

Body \Vt. (kg) 

Resting metabo* 
lism (Cal/day) 

45 

20.4 

1136 

50 

22.7 

1215 

60 

; 27.2 

1366 

70 

31.8 

1508 

80 

36.3 

1643 

90 

40.8 

1772 

100 

45.4 

1896 

110 

49.9 

2016 

120 

54.4 

2132 

130 

59.0 

2244 

140 

63.5 

2353 

150 

68.0 

2460 

154 

70.0 

2502 


Equation 


Cal. = 88.5 lb»”“ or 155 kg" ”" 
Cal. = 88.8 Ibii M^ or 150 kg« «« 
Cal. = 120 lb»'‘“ or 192 kg»^“ 
Cal. = 140 lb»-‘'» or 209 kgi>-«» 


Mo. Agr. Exp. Sta. Res. Bull. 291, 1938. 
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The estimates here given for the resting metabolism of growing goats are 
considerably above the basal metabolism values published by Benedict et a/.*® 
for more mature animals. 

14.6: Resting metabolism and pulmonary ventilation in horses. It was 
more difficult to get young horses than cattle to rest during the metabolism 
measurements. This may explain the differences in distribution betw^een 
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the horse and cattle data, especially when plotted in terms of metabolism per 
unit area as function of age or weight, shown in Fig. 14.11. 

The data on the Shetland ponies, Fig. 14.12, are too few to indicate the 
presence of breaks, if any, in the curve. The slope of the general trend, 0.52 
to 0.59, is relatively low (in cattle the slopes were about 0.8 before six months 
and 0.6 after six months). 

Benedict, F. G., “Vital Energetics,” Carnegie Inst. Washington Pub. 503, 1938. 
Ritzman, E. G., Washburn, L. E., and Benedict, F. G., “The basal metabolism of the 
goat,” New Hampshire Agr. Exp. Sta. Tech. Bull. 66, 1936. 
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Note especially in Fig. 14.12 that the metabolism in horses while standing 
is the same as while lying. Cattle, sheep, and men, on the other hand, ex- 
pend about 10 per cent more energy standing than lying (Ch. 24). This 
observation that (unlike cattle, sheep, and men) horses have no extra energy 
expense for standing is not surprising since, unlike cattle, horses are equipped 
with very powerful suspensory and check ligaments which enable them to 
rest as comfortably in a standing as in a lying position. Indeed, horses 

APPROXlMATf AGE, MONTHS 


B I 2 3 4 ^ 10 20 30 40^60 GfLDtNGS 

» 1 ■ "T* I II" I I « . ■ f I ; I 



usually sleep while standing. Winchester*' measured the relative oxygen 
consumption of these two ponies in standing and lying positions (independ- 
ently of the measurements represented in Fig. 14.12), confirming the lesults 

in Fig. 14.12. 

Fig. 14.13 for the (large) Percheron horses shows a sharp change in slope, 
from 0.5 to 1.0, at an age of approximately two years (the pony data extend 

"Winchester, C. F., “The energy cost of standingin horses,” Science, 97, 24 (1943). 
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to only two years, while the Percheron data extend to 5 j'ears). This rise is 
independent of sex, since castrated animals (geldings) exhibit the same rise 
as normal females. This slope difference is probably due to ever-increasing 
physical exertion. These animals were hard-working farm horses. (It is 
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generally known that the basal or resting metabolism of active athletes is 
higher than of sedentaiy individuals of the same weight.) Not all the horses 
worked equally hard, or were equally muscular, which explains the rather 
wide scattering of the data. 
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The distribution and slope of the ventilation data for the horses, Fig. 14.14, 

is similar to those for cattle (Figs. 14.8 and 14.9). 

As previously noted. Fig. 14.11 is a comparison of the horse and cattle 
data. Instead of rising, as for cattle, the metabolism per unit area declines 
in horses during the first few months, perhaps because of the greater restless- 
ness of the young colts. Better data are likely to show a rise in metabolism 
per unit area as in cattle. For given weights horses have a higher metab- 
olism than cattle. 

The numerical data for horses are summarized in Table 14.4. 
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14.6 : Metabolism in man. We shall not discuss the age changes in metab- 
olism per unit area in man since this is discussed in detail in Du Bois’ book 
and in less detail in physiology textbooks. Our remarks are confined to 
metabolism of the growing man of average build as a function of weight when 
plotted on a logarithmic grid, illustrated in Fig. 14.15, which brings cut the 

following features. 

(1) There is a change in slope in the metabolism-weight curve at approxi- 
mately three years of age (“natural weaning” age?), corresponding apparently 
to the break at three weeks (weaning age) in rats and five months (weaning 
age) in cattle. This “break” corresponds to maximal metabolism per unit 

area (see the Du Bois insert in Fig. 14.4a). 
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(2) From birth to three years, the metabolism varies directly with body 
weight; the slope of the cuiwe is 1.0. Extrapolating the equation to intra- 
uterine gi'owth gives zero metabolism at zero weight, indicating the possi- 
bilit}'^ that this postnatal metabolism equation also represents prenatal 
metabolism. While, as previously explained, it would be impossible for the 
metabolism per unit surface area to be the same in early prenatal as during 
postnatal life, the metabolism could well be the same per unit weight, 50 Cal/ 
kg/day, as indicated by the equation Y = 50X‘ ‘’® (Fig. 14.15). There is no 
significant sex difference in metabolism before three years. 
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(3) Between the ages of 3 and 16 years the slope of the curve is not 1.0, as 
it was before 3 years, but about 0.6 (near the value for c&ttle, goats, and horses 
previously discussed). The slope is 0.59 for boys and 0.64 for girls, and boys 
tend to have the higher metabolism. 

(4) Between 16 and 31 years, the slope tends to be higher for men than for 
women, 0.65 for men and 0.46 for women. 

(5) Sex differences disappear after 60 years. 

The light, broken curve in Fig. 14.15 represents the metabolism of mature 
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animfllR of different species (Fig. 13.7). On maturing, the metabolism of man 
approaches that of the general curve relating metabolism to weight in mature 
animals of other species. 
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FiE 14 17 The relation between the heat increment of gestation, Q, and birth 

of the heat increments of gestation, to birth weight , t " conlinu^ 

and crosses represent tlie total heat increment of gestation plotted .ig.iinst birth MCight. 

Figs. 14.16a and b represent the same data as Fig. 11.15, but show how the 
metabolic level tends to drop for given body weights at successive age intervals 
( /K 3, 16 to 30 years ; At 4, 30 to 60 years ; iX 5 over 60 years). Other aspects 
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of metabolism during aging, especially the oxygen consumption per pulse per 
unit weight, are discussed in Chapter 18. 

Some may prefer the results in numerical form given in Table 14.5. This 
table shows the total metabolism in Cal/day and also per kg, per lb, and per 
sq meter for various age intervals and bod}' weights. The metabolism energy 
is here also expressed in terms of milk energy. Thus, a 14-kg or 31-lb infant 
expends as much energy for resting maintenance per 24 hours as is given off 
on burning in a bomb calorimeter approximately a quart, or liter, of milk 
containing 4 per cent fat. This does not mean that a quart of milk is all the 
energy that a 14-kg infant needs, since there is a variable energy expense in 



WEIGHT 

Fig. 14.18. Metabolism as function of fetal weight of sheep on a logarithmic grid; also 
blood volume as function of fetal weight and fetal plus placental weight. 

utilization of the milk and the infant also needs food for growth and for vari- 
ous activities above that of resting maintenance. 

14.7: Prenatal heat production in relation to birth weight. We measured*® 
the heat increment of gestation (the extra heat production of resting animals 
during gestation above the non-gestating level) of rats, cattle, horses, sheep, 
and swine. As it was unfortunately necessary to confine the measuremenrs 
to young primapara, the heat and weight increments of gestation were com- 
plicated by the growth of the mother. It may nevertheless be instructive to 
correlate the heat increment of gestation with the birth weight of the young. 

Brody, S., Mo. Agr. Exp. Sta. Res. Bull. 283, 1938. 
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This heat increment of gestation, of course, includes not only the total of the 
“basal” or “resting” metaliolisin of the embryo and fetus from conception to 
birth but also that of the involved accessory structures and of the maternal 
body, whose heat production is accelerated during gestation by increased 

endocrine activity. 

The result of the correlation between the heat increment of gestation and 
birth weight is shown in Fig. 14.17 (plotted from Table 14.6) and is given by 
the equation Q = 4400i1/‘- in which Q is the total heat increment in Calories 
and M is birth weight in kilograms. The heat increment of the incubating 
chick is included in the chart, but not in fitting the equation to the data. 

This equation means that the production of a 1-kg young is associated with 
a heat increment of gestation of 4400 Cal. The heat increment per kg young 
necessarily varies with the time required to develop it. This is probably the 
meaning of the exponent 1.2: increasing the birth weight 100 per cent (and 
therefore increasing the time of prenatal growth) tends to be associated with 
an increase in heat production of 120 per cent. The longer the prenatal 
growth period, the greater the prenatal maintenance cost per unit young, and 
also for the accessories and mother’s heat increment of gestation. Yet the 
data on slow-growing man (by Root and Root and by Sandiford and Wheeler) 
fall right on the line. Rabbit and most rat data, however, fall below the line. 

The regularity of distribution of the data in Fig. 14.17 tempts one to say 
that the given equation represents a “law” of constant gestation energy 
analogous to Rubner’s “law” of constant growth energy (Ch. 3), which states 
that the construction cost of body substance during the first prenatal doubling 
of body weight is 4800 Calories per kilo (except for man). While the two 
constants, 4400 Calories in Fig. 14.17 and 4800 of Rubner, appear similar, 
they evidently reflect different situations : Rubner’s value refers to the energy 
cost of postnatal growth of the individual, including the stored energy, whereas 
the 4400-Cal value in Fig. 14.17 refers to the heat increment of gestation, in- 
cluding the heat increments of all accessory structures and of the mother, 
but not including the stored energy. Moreover, Rubner’s “law” assmnes a 
linear relation (the exponent is 1.0) whereas the equation in Fig. 14.17 indi- 
cates an exponent of 1.2. 

The gestation heat increment thus includes (1 ) the energy expense of main- 
tenance of the pregnant uterus ; (2) “work” of growth ; (3) increased work of 
the maternal organism (increased circulatory, respiratory and exxretory 
activities) ; (4) endocrine influences on metabolism of the mother. Even in 
the incubating chick there may be an extra heat production by the allantois, 
yolk sack, and even an extra heat production associated with the presence of 
the yolk'“ ; and the situation is still more complex in mammals. The problem 

10 D u p T C and Pringle, E. M., “Effect of removal of unabsorbed 

Barott, ij 191 (1936). Barott, “Effect of tempera- 

yolk on heat production of chicks, , .V s tt c Acr Tech 

ture and other factors on energy metabolism of chick embryos, U. b. Uept. Agr. lecn. 

Bull. 653, 1937. 
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of prenatal growth has been adequately discussed by Needham®. The follow- 
ing notes re\-iew briefly the literature as it bears particularly on the above 
discussions. 
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Fig. 14.19. The metabolism of the chick embryo as function of body weight on a 

logarithmic grid. 


According to Barcroft^^, the embryo is under no necessity to maintain its own body 
temperature; it has no surface, if the word “surface” be used in the physiological sense, 
as an area from which heat is dissipated. There seems little point, therefore, in calcu- 
lating the relation of heat production or blood volume to the cutaneous area. The blood 
volume is more reasonably represented as a percentage of weight of the actual embryo 
or as a percentage of the embryo plus the placenta, through which circulation takes 
place, and which may therefore be regarded as an integral part of the fetus. 


Barcroft, J., Physiol. Rev., 16, 103 (1936). 
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Barcroft measured the oxygen consumption and blood volume of the fetal sheep and 
goat. We have computed the power function relating oxygen consumption and blood 
volume to body weight with the result shown in Fig. 14.18. The fetal oxygen consump- 
tion is seen to increase directly with simple body weight (IF* ®). The equation given in 

Fig. 14.18 is 

Y = 0.015Xg*-» 

meaning that the heat production per unit weight is approximately constant, 0.015 Cal/ 
g/day or 15 Cal/kg/day , a comparatively low value, numerically equal to the basal metab- 
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Fiir 14 20a Changing body weight with advancing gestation and lactation in dairy 
cattle Sted bru"fro,n data by R. F. Morgan and H. P. Dav.s, Un.v. Neb. Agr. 

Exp. ka. Res. Bull. 82, 1936. 

olism per kilo per day of mature cattle or horses. (The metabolism per square meter 
as computed by us is between 200 and 600 Cal per day.) The blood volume m the fetal 
goat increases with the 0.79 power of fetal weight and with the 1.0 power of the combined 
weight of the fetus and placenta. These results substantiate our suggestion that early 
metabolism varies not with surface area but with simple weight, and contradict Rubner s 

assumption that it varies with surface area. i ..t • i • i * ni/i 

The metabolism of the chick embryo also varies more nearly with simple weight (W } 
than with surface area. Tliis is shown in Fig. 14.19, plotted from the indicated sources. 
By weight we mean wet weight. When metabolism is plotted against dry weight (curve- 
3 Fig 14.19), the slope ranges from 1.2 to 0.53, depending on the developmental stage. 
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Fig, 14.20b. Changing body weight (right axis) and metabolism (left axis) with advancing gestation and lactation 

in the rat during first, second, third, and fourth pregnancies. 
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Severixl other references may be cited. Murlin*' reported on the pregnancy metab- 
olism of a dog. Her heat production during sex rest was 505 Cal; 3 days before giving 
birth to 1 puppy, 551 Cal; 3 days before giving birth to 5 puppies, 765 Cal. In other 
words, the gestation metabolism above sex rest was 46 Cal for 1 puppy, and about 5 
times (5.6 times) that much, 260 Cal, for 5 puppies. Pommerenke, Haney and Meek“ 
investigated the energy metabolism of gestation and lactation in rabbits which confirm 

Murlin’s results on the dog. 

Carpenter and Murlin” reported that the maternal organism and fetus function as 
two separate units in their energy consumption; because the metabolism of a pregnant 
mother shortly before paturition was nearly the same as mother and child after child- 
birth. Sandiford and Wheeler” came to a similar conclusion, but on the basis of surface- 

area computations which were criticized by Rowe and Boyd”. 



Fig. 14.20c. The course of changing activity and food intake with advancing gestation 
and lactation in the rat. From Ging H. Wang, Am. J. Physiol., 1925, p. 736. 


Schwarz and Drabkin*, and others, attributed increased heat production during 
gestation to increased thyroid activity. This conclusion is based in part on the rise in 
blood iodine from the second (15.5 gamma per cent) to the tenth lunar month (22.5 
gamma per cent) and its decrease during the first two weeks of puerperium; in part on 
the hypertrophy of the anterior pituitary, which presumably increases in its thyrotropic 
activity during pregnancy ; and in part on hypertrophy of the thyroid during pregnancy. 

Root” reported data on basal metabolism of a primipara in whom pregnancy was un- 
. complicated by gain in adipose tissue or disease. The basal metabolic rate during the 


21 Miirlin T R Am J. Physiol. y 23, 32 (1908-9). 

« Pommerenke.’W. T., Haney, H. F , and Meek W J Am J. 93, 249 (1930). 

Schwarz 0 H . and Drabkin, C., Am. J . Obst. and Gyn.y 22, 3 (1931). 

” Root H. F., and Root, H. K.. Arch. Ini. Med., 32 . 411 (1923). 
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fourth montli was essentially that predicted b}' the standard for non-pregnant women of 
the same age, height and weight, then followed by a steady increase until eleven days 
before delivery, when the total basal metabolism was 23 per cent above that during the 



AGE, DAYS 


Fig. 14.21a. Influence of reproductive condition on growth and reproduction of white 
rats. From R. Bogart, G. Sperling, L, L. Barnes, and S. A. Asdell, Am. J. Physiol. y 
124, p. 362 (1940) and from Asdell, Bogart and Sperling, Cornell Univ. Memoir 238, 1941, 



2 4 6 8 lO 12 14 16 I8 2o 

LITTER NUMBER 

Fig. 14.21b. See legend of Fig. 14.21a. 

fourth month — an increase out of proportion to the standard prediction tables for normal 
women, with corresponding gain in weight. The Cal/kg gain in basal metabolism from 
the fourth month of pregnancy to the eleventh day before delivery was 7.6 per cent. 
Following delivery, although the subject’s weight remained nearly stationary, the basal 
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metabolism fell to 0.6 per cent below the rate observed during tlie fourth montli of preg- 
nancy. “The high metabolic rate during tlie last month of pregnancy only j)artially 
reflects the much higher metabolic rate of the fetus per unit of weight, since the maternal 
weight is made up in jiart of inactive tissues such as edema and the fluid contained in the 
amnion. It appears that the metabolism of the fetus at term was approximately 37 
Cal/kg, whereas the basal metabolism of the mother was 23.5 Cal/kg during the fourth 
month of pregnancy and 22.1 Cal/kg one month after delivery”. 

A report-® on basal energy and mineral metabolism on a young primipara for 66 days 
ante-partum concludes thus: “The rise in metabolism throughout the latter part of 
pregnancy parallels the cumulative nitrogen and sulphur curves. It is felt that a hor- 
mone influence responsible for the synthesis of the new mass of protoplasm must likewise 
be included in any explanation of the phenomenon”. 



incubation, is seen to be 19.04 Cal. 

Several reports point to a decline in metabolism in the early stages of pregnancy*^ 
perhaps due to decline in muscular activity. Data on rats by Wangle show a drop in 
activity from 16352 drum revolutions (in an exercising cage) preceding conception to 
2779 revolutions following conception. Slonaker’s^i data show a similar decline: “I 
have found that both during gestation and pseudopregnancy there is great reduction in 
activity accompanied by little change in food consumption. The energy which is usually 

used for activity is then used for growth”. 

While the weight gains during pregnancy are considerable (Fig. 14.20 to 14.23), the 
food consumption is not increased proportionately because the energy saved by 
decreased muscular activity during pregnancy is used for the growth. Wang quotes 
Schick’s observation that humans instinctively refrain from bodily activity during 
pregnancy, and this energy saving is used for meeting the increased demand for nourish- 
ment. Data by Mary and co-workers^^ on food consumption of human mothers demon- 


** Johnston, J. .\., Macy, I. G., c/ «/.,•/. A af., 16, 513 (1938). 

“ For man, see Rowe and Boyd, J. Nut., 6. 551 (1932). For slieep, sec Ritzman and 
Benedict, N. H. Agr. Exp. Station Tech. Bull. 45, 1931. . , 

®«Wang, G. H., Comp. Psychol. Monogr., 2, No. 6 (1923), and Am. J. Physiol., 71, 

736 (1935). 

Slonakcr, J. II., Am. J. Physiol., 71, 362 (1924-5). , . 

” Shukers, C. F., et al., J. Nut., 4, 399 (1931). Coons, C. M., et at., Okla. Agr. Exp. 

Sta. Bull. 223, 1935. 
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strate this fact. Eckles” reported that pregnancy in dairy cattle, leading to a 16 per 
cent increase in body weight (Fig. 14.20a), does not involve an increase in feed con- 
sumption. The 16 per cent weight increase during pregnancy includes relatively 
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Fig. 14.22b. Heat increments of gestation of rats and horses; these are represented 
by the areas between the curve of heat production and the base line assumed to represent 
the heat production of the animals if they were not pregnant. The weight increments 
of gestation are likewise shown graphically. 
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Fig. 14.22c. Similar data as in Fig. 14.22b but for horses. 

little energy: about 75% of the weight of a new-born calf is w'ater; 85 per cent of the 
placenta is water; 95 per cent of the amniotic fluid is water; only 15 to 25 lbs of the new- 
born calf is dry matter (equivalent to about 200 lbs average milk): 

” Eckles, C. H., Mo. Agr. Exp. Sta. Res. Bull. 26, 1916. 
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Calves from experimental cows 


Calf 

Water 

Dry matter 

Protein 

Fat 

Ash 

(lbs) 

(lbs) 

(lbs) 

(lbs) 

(lbs) 

(lbs) 

75 

54.8 

20.2 

14.2 

2,5 

3.2 

49 

35.4 

13.1 

9.2 

1.6 

2.1 

95 

69.4 

25.6 

18.0 

3.2 

4.0 

83 

60.3 

22.2 

15.6 

2.8 

3.5 


Amniotic flnid and placenta 



Amniotic fluid 

Placenta 

Weight (lbs) 

32.7 

18.3 

Water (%) 

95.9 

85.6 

Fat (%) 

0.92 

0.92 

Protein (%) 

3.36 

12.20 

Ash (%) 

0.65 

0.89 

Constituents produced by 

cow in n7nniotic fluid arid placenta 



Amniotic fluid Placenta 

Total 


(lbs) (lbs) 

(lbs) 

Water 

30.7 15.4 

46.1 

Dry matter 

1.3 2.6 

3.9 

Fat- 

0.03 0.16 

0.19 

Protein 

1.07 2.19 

3.26 

Ash 

0.21 0.16 

0.37 


4 

While Ecklcs' cows made normal pregnancy gains on a maintenance ration, Cole ami 
Hart^^ observed increased food consumption in rats by the second day after conception, 
and that pregnancy stimulates the appetite and growth of rats beyond that of nor»-bred 
litter-mate controls (Fig. 7,4). They postulated that pregnaricy stimulates the anterior 
pituitary to secrete one or more hormones involved in increasing appetite. 1 he excess 
gains made by the pregnant rats remain fairly constant for the first six pregnancies, after 
which further pregnancies have less effect. The excess gains are made, for the most part, 
during pregnancy, although rats suckling four to six young contitiue to gain as ra|)idly 

as non-bred controls. 

Mumford first observed at the Missouri Experiment Station^^ tluit early breeding of 
sows docs not reduce their ultimate size and that delaying breeding reduces the ultimate 
body size as indicated by the following summary: 


Ape of breeding of 
sows (days) 

218 

47‘) 

838 


Mature weipht of 
sows (lbs) 

415 

401 

38*1 


Total litter weipht 
at birth 

20.0 

10.0 

14.0 


Slonaker=« first observed this effect on rats, confirmed by Cole and I lart, and by Hogart 
el al.^L who observed that breeding rats grow more rapidly and for a longer time than 
non-breeding. It is the heavy lactation that constitutes the drain on the mother not 
the gestation. Hogart attrilmtes the more rapid growtii of breeding rats not to tlie 
growth-stimulating effect of gestation as sucli, but to the rc'inoval by the corpus luteuin 
of the growth-inhibiting effect of estrogens. This is substantiated by the growtli- 
stiinulnting effect of p^cudopregnancy.^* Ovariectomy has a similar growth-stimulat- 
ing effect by eliminating the growth-retarding estrogenic influences” (Sect. 7.2.1). 


” Cole, II. II., and Hart, O. II., Am. J. PhynioL, 126, 589 (1938). 

“Mo. Agr. Exp. Sta. Ucs. Hull. 118, 1928. 

“ Slonaker, .1. U., -4m. ./. 82, 318 (1927). t ui • i loo 

” Hogart, U., Sperling, C., Harnes, L. L., and .Vsdell, S. A., Am. ./, / /(//.vmf., 128, 

355 (1940). ’ 

** Slonnkcr, J. H., LL, 89, 406 (192^)). 
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Reproduction (the gestation not lactation part of reproduction) not only stimulates 
the growth of the maternal organism but it also stimulates further reproduction. Re- 
production stimulates further reproduction because^® “breeding promotes a greater 
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Fig. 14.23a. Heat and weight increments of gestation of cattle. 


harmony between the ovaries and other glands of internal secretion’*. The conclusions 
of the Asdell group are illustrated graphically in Fig. 14.21a and b. 

Asdell, S. A., Bogart, R., and Sperling, G., “Influence of age and rate of breeding 
upon ability to reproduce/* Cornell Univ. Memoir, p. 238, 1941. 
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Fig. 14.23b. Heat and weight increments of gestation of cattle. Fig. 14.23c. Heat and weight increments of gestation of goats 
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14.8: Estimating the heat increment of gestation and total prenatal heat 
production. Fig. 14.17, representing the relation betAveeii birth weight and 
the heat increment of gestation, is necessarily crude because of the indirect 
method of estimating the heat increment of gestation and because of its mixed 
significance. 



GESTATION 


Fig. 14.23d. Heat and weight increments of gestation of does. 

The simplest situation is that of the heat increment of incubation of the 
bird embryo. Here the total heat production, that is, the heat increment of 
incubation, is virtually the heat production of the bird embryo. This heat 
increment is shown (Fig. 14,22a) to be approximately 20 Cal for the chick 
embryo of the domestic fowl: about 20 Cal heat is dissipated during the pro- 
duction of a 40-Cal chick-embryo tissue. These 20 Cal represent the energy 
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cost of maintenance of the formed eml)ryo (C4i. 3) and peiiiaps ol the “work” 
of growth. This is simple. 

The situation is mucli more complex for iuirauterine growth of mammals. 
The embryo, or fetus, is a small part of the mother whose metabolism is 
measured. As previously explained, the maternal organism undergoes pro- 
found metabolic chatiges involving the metabolism-stimulating endocrines 
during gestation, so that the heat increment of gestation is l)y no means the 
heat production of the embryo and fetus. The situation is further compli- 
cated if the mother is young and is growing herself. Yet Figs. 14.22b and c 
and 14.23 are based on just such data on the lieat increments of gestation of 
young primapara. 

The method of obtaining the heat increment of gestation is illustrated in 
these figures. The time curves for metabolism and for weights of the non- 



Fig, 14.24a. Demonstrates on semi-log paper the parallelism of the apparent emlog- 
enous nitrogen excretion and basal metabolism in rats of different bod> weight. 

gestating animals are extrapolated by straight lines to the weight and metab- 
olism of the animals shortly after parturition, and the areas between the extra- 
polated lines and the observed lines for metabolism represent the heat 
increments of gestation. It is these heat increments of gestation that aie 

given in Table 14.6. 

In spite of the crudeness of estimating the heat increment of gestation and 
their confused significance, the distribution of the data in Fig. 14.17 is quite 
orderly, and is apparently satisfactory for a first estimate relating pienatal 

heat production to birth weight. 

In this connection the prenatal age curves of growth in weight (Figs. 14,23b 
and 14.23d) have some inherent interest. The values of k, the slopes of the 
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curves, represent the instantaneous relative growth rate per day. Thus when 
the value of k is 0.16, the instantaneous growth rate is 16 per cent per day 

(Ch. 16). 

When the heat increment of gestation is represented in terms of Cal/kg/day 
or Cal/sqm/day the resulting ratios are, as might be expected, unreasonably 
high (cf. Barcroft’s direct measurements plotted in Fig. 14.18), since we 
measured not the heat production of the embryo or fetus but the heat incre- 
ment of gestation, of which the heat production of the young is only one com- 
ponent. 


KviniiiQ 



Body Weight 

Fig. 14.24b. The apparent endogenous nitrogen excretion in rata varies with the 

1.00 - .274 = 0.726 power of body weight. 

14.9: Endogenous nitrogen excretion during growth. As previously ex- 
plained (Ch. 13), the ratio of endogenous nitrogen to basal metabolism in 
mature animals of different species is approximately constant, 2 mg N/Cal; 
and the endogenous nitrogen, like basal metabolism, increases with approxi- 
mately the 0.7 power of body weight. What is the relation between endoge- 
nous nitrogen and basal metabolism during growth? The writer believes that, 
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following the age of natural weaning, they both tend to vary witli 0.5 to 0.6 
power of the body weight and that the ratio N/Cal is approximately' constant. 
However, one cannot be certain for several reasons, one being that the basal 
metabolism and endogenous nitrogen concepts do not have the same signifi- 
cance in rapidly growing as in mature animals. One can only speak of ap- 
parent endogenous and basal metabolism. It is evidently difficult to attain 
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Fig. 14.24c. The apparent endogenou.s nitrogen excretion .seems in this ciise to vary 
with the 0.42 power of body weight in growing Holstein cattle. Chart by Kric bwanson 

and H. A. Herman. 

an endogenous nitrogen level without disturbing normal growth. Moieo\ oi , 
the apparent endogenous level is influenced by many factors^"; dietary protein 
level and quality before and during the period of specific nitrogen starvation, 

age, and so on, as indicated by Figs. 13.19, 14.24, and 14.25. 

Other conditions lieing equal, the lowest (endogenous) nitrogen excretion 
is attained not on a “protein-free” diet (0.5 mg N/gram air-dried food), but 
on one containing 5 to 6 mg N in the form of egg yolk per gram air-diaed food 

(Mitchell). 

‘"Ashworth, U. S., and Rrody, S., Mo. .Vgr. Exp. Sta. Res. | 

Ashworth, Id., 223 , 228, 1935. Mitchell, H. H., and Hainilton, fho biochemistry of 

amino acids," New York, 1929. Smuts, D. B.,J.N lU., 9, 403 (19.55). 
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The nitrogen excretion on a N-poor diet often continues to decline for 60 
days'*^'‘*\ Employing such techniques, the ratio of the apparent endogenous 
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TIME ON N-FItEE DIET 

/ 

Fig. 14.25a. Influence of protein level (prior to the specific nitrogen inanition diet) on 

the course of nitrogen excretion. 

nitrogen to the apparent basal metabolism in young rate may be reduced to 
1.5 or even to 1.0 mg N per Cal heat production. Such dietaries, of coui'se, 
disturb the growth process. 

Deuel, H. J., Sandiford, I. and K., and Boothby, W. AL, J. Biol. Ckem., 76, 391 
(1928) ; Smith, M., Id.y 68, 15 (1925). Ashworth and Brody, 
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The above discussion makes it evident that it is a technically difhcult 
problem to obtain data on endogenous nitrogen in normally growing animals. 
Nevertheless, the closeness of correlation between basal energy and endogenous 
nitrogen seems unmistakeable. The following illustrate the abovediscussion. 


MG/tG MG/dAT 



TIME ON N-fRE£ DIET 


Fig, 14.25b. Influence of body weight (age) on the course of nitrogen excretion -on 
the time required to attain the apparent endogenous level. 


Fig. 14.24a shows the parallelism of “basal” energy metabolism and en- 
dogenous nitrogen excretion (plotted on arithlog grid) of rats. Fig. 14.24b 
shows that the endogenous N excretion per unit weight declines with 4/“" 
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or increases with (M is used in the chart to represent body weight 

instead of the usual TF). This value of the slope is unexpectedly high for 
groiving animals ; it is close to that for mature animals of different species 
(Fig. 13.14). 

Fig. 14.24c, shows*^ (on a log-log grid) that the endogenous nitrogen in 
growing Holstein heifers increases with only the 0.42 power of body weight, 
an unexpectedly low value. 



WEIGHT, KGS. 

Fig. 14.26. Basal metabolism per unit weight, QJW, of humans as function of body 
weight during growth. The heavy curve represents the given equation, the broken 
curves represent 10 and 20 per cent deviations from the average. 75 per cent of the data 
fall within ±10 per cent of the average curve, and 99.5 per cent of the data fall within 
±20 per cent of the average curve. The data points are based on reports by Benedict, 
F G Am. J. Physiol., 86, 607 (1928), Benedict and Talbot, F. B., Carnegie Inst. VVash- 
ineton. Pub. 302 (1921), Harris, J. A., and Benedict, Id., Pub. 279, 1919, Boothby, 
W. M., and Sandiford, I., J. Biol. Chem., 64 , 791 (1922). 

The difference in slope for the growing cattle and rats is probably due to 
differences in experimental treatment, because as previously noted, the 

Swanson, £ric, and Herman, H. A., Mo. Agr. Fxp. Sta. Res. Bull. 382, 1943. 
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apparently endogenous nitrogen is sensitive to many factors, any one of which 
may affect the result. Tliis is especially true of cattle with the rapid age 
changes in the digestive system and character of diet consumed. The writ(!r 
feels that 0.4 is too low for the slope and that it will ultimately he shown to be 
nearer 0.6 (as for resting metabolism). 

Figs. 14.25a and b show how the excretion of total N, N per unit body 
weight, and body weight vary with time on the low N diet, and the influence 
of protein level before the fast, and of body weight, on the shape and level of 
the N-excretion curves. The problem of the relation of endogenous nitrogen 
to body weight during growth is by no means solved, but we have here a be- 



Fig. 14.27. Comparison of metabolism per unit surface area for swine and dairy cattle 

plotted against age. 


ginning indicating that endogenous N and basal metabolism during growth 
both follow the same course, t.c., that as a general rule both tend to increase 
with approximately the 0.0 power of body weight as contrasted to the 0.7 
power of body weight for mature animals of different species. 

14.10 : Metabolism per unit weight as function of weight and of age during 
rapid growth. The preceding analysis of m(“tal)olisin was concerned with 
surface area or with W’ as reference laisc. We found that the numerical 
value of b, when using W*’ as base, is approximately 0.7 for mature animals of 
different species and approximately 0.6 for the same animals when growing. 
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In addition we employed*’^ simple weight, or m, as reference base in 
the form of the relation 



or 

Q/m = ae~^ + c 

in which Q is heat production for body weight m and age A: is the relative 
(or percentage when multiplied b}^ 100) decline in Q/m with increasing age, 
or weight, vi \ a and c are constants, c being the asymptote which Q/m 
approaches as a limit. The constant c may be dropped for a short segment of 
the Q/m — m or Q/m — i curve. These equations, of course, say that the 
heat production per unit body weight declines exponentially (Chs. 5, 16) 
with increasing age or weight. 



Fig. 14.28. Resting metabolism per unit surface area as function of age in Rhode 
Island Red chickens. (Surface area was computed from the equation, surface area in 
sq. cm. = 8.19 x (body weight in gms)®-^®*.) The resting metabolism was computed on 
the assumption that 1 liter of oxygen had a heat equivalent of 4.9 Cal. 


An application of the above equations to Q/m values during growth is 
presented in Fig. 14.26, and prediction values based on such analysis are given 

in Table 14.7 and those following it. Figs. 18.7 and 18.8 (Ch. 18), illustrate 

« 

the life curves of the Q/m ratios. The Q/m ratio is there seen to rise post- 
natally until full homeotliermy is attained, and declines thereafter to c as 
limiting value, except for a brief and relatively slight flare-up during puberty. 

14,11 : Summary and conclusions. While the ratio of metabolism per unit 
.surface area, or much more precisely per IF*, is approximately constant for 
mature animals of different homeotherms (Ch. 13), this is not the case for the 


** Mo. Agr. Exp. Sta. Res. Bulls. 166 and 176, 1937. 
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same animals when growing. During growth the metal)olism j)er unit area, 
or per If’*', shows a peak; and when the total metabolism is plotted against 
weight on a log-log grid, the curve shows a "break”. Prior to this peak or 
break, the metabolism tends to be directly proportional to simple weight, 
IP' thereafter to ir'""’ or, roughly, to .surface area. 

This metabolic peak or break raises questions concerning its meaning. Is 
it associated with puberty? weaning? change in growth rate? stabilization of 
the neuroendocrine-homeothermic system? An inspection of the position 
of the metabolic peak in different species .shows many variations in relation to 
weaning and puberty. For instance, the peak coincides with both i)uberty 
and weaning in cattle (puberty and weaning coincide in cattle); it occurs in 
swine^^ at puberty (at 7 months. Fig. 14.27) but not at weaning (which occurs 
at approximately 2 months of age); it occurs in rats .sometime between wean- 
ing and puberty (Fig. 14.1); it coincides in humans with weaning (2 to 3 
years, prior to which age milk is an indispensable part of the diet) although 
a relatively insignificant pubertal peak (near age 13 years) has also been 
reported^®; in chickens (Fig. 14.28) the metabolic peak occurs at the age of 
about one montlP'*’ ” while puberty occurs at, perhaps, 5 or (1 months, 'this 
species variat,ion in the occurrence of the metabolic peak with respect to wean- 
ing and puberty indicates that weaning and puberty are not the “cau.ses” ot 
the peak. Moreover, on plotting metabolism per unit area and weight gain 
per unit area against age a parallelism is ob.served between the two^q indi- 
cating that the rise and decline in metabolism per unit area tends to be asso- 
ciated with the rise and decline in growth rate per unit area. 

It is, therefore, concluded that the position of the metabolic i)eak is not 
due to one “cause” but is the resultant of many factors— to puberty, to wean- 
ing, to changes in growth rate, but particularly to stabilization of the ncuro- 

endocrine-homeo thermic system. 

An interesting feature of early postnatal metabolism of rats is that the 
brain metabolism per unit weight appears to parallel the total body metabolism 
per unit surface area (.see Sect. 17.4, relating brain weight to metabolic rate 

in different species). 

The endogenous nitrogen expense during growth appears t(r paiallel that of 
ba.sal energy metabolism. 

A very brief di.scu.ssion, but with many tal)les, is pre.sented (Sect. 14.10) on 
the relation of metabolism to age and to weight generalized by the ecpiation 
Q/m = a + k'-*' and Q/?n = a + be-’'"' in which Q/m repre.sents heat pro- 

<* Brody, S., and Kiblor, II. II., ‘‘RoslinK energy metabolism and pulmon.ary venti- 
lation in growing .swine”, Id., Res. Bull. 380, 1944. 

“See c.specially, MacLeod, Grace, “Studies of the normal ba.sal energy reepme- 
ments”. Dissertation, Columbia University, 1924, and Du Bois, I'., t., “Basal Metab- 
olism in Health and Di.scase”, Lea and Febiger (several editions). 

“ Mitchell, H. 11. , Card, L. Iv, and Haines, W. T., ./. Ayr. Res., 34, 94,5 (1927). 

Kibler, H. II., and Brody, S., ./. Nul., 28 , 27 (1944). 
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duction per unit -weight, and t represents age. The applicability of this 
equation form to metabolism data is significant because it also represents 
growth relationships of other categories (Chs. 5, 16, 18, 19), particularly 
growth of neuroendocrine organs in relation to total body weight and age''^ 

Fig. 13.9 (Ch. 13) might be included in this chapter; it shows the metab- 
olism curves of the same growing animals alongside the curve relating metab- 
olism to weight of mature animals of different species; so could Figs. 18.7 and 
18.8 (Ch. 18) which present metabolic life curves. 

Discussion and data are presented on prenatal heat production and on the 
heat increment of gestation, and on their relation to the weight of the new- 
born. The prediction values di.scussed are given in the following appendix. 


Table 14.1. Growth and metabolism of Rhode Island Red chickens.* 


(24-hour fasting data given on starred lines.) 


Age Period 

Females (Average per Chicken) 

Males (Average per Chicken) 

Body weight 
(gm) 

Cal.* per day 

Cal. /so. m.* 
per Gay 

Body weight 
(gm) 

Cal.* per day 

Cal. /sq.m.* 
per day 

Week H-1 

43 

8.8 

774 

48 

9.1 

740 

1-2 

54 

11.6 

862 

74 

16.1 

965 

2-3 

91 

20.4 

1056 

124 

26.0 

1086 

3-4 

152 

34.5 

12.50 


40.2 

1197 

4-5 

216 

43.8 

1240 

294 

58.2 

1328 

5-6 

299 

51.2 

1155 

410 

65.9 

1191 

6-7 

351 

44.3 

893 

471 

61.5 

1009 

7-8 

392 

47.0 

877 

500 

60.3 

937 

Month 2-3 

679 

78.8 

1001 

821 

85 

920 

•2-3 

631 

59.4 

794 

728 

63 

866 

3-4 

1152 

104 

913 

1436 

138 

1037 

•3-4 

1048 

83 

778 

1300 

100 

806 

4-5 

1602 

142 

992 

2023 

160 

1125 

•4-5 

1479 

113 

834 

1914 

161 

990 

.5-6 

1724 

139 

917 

2580 

i 229 

1143 

*,5-6 

1319 

109 

872 

2470 

185 

952 

6-7 

1784 

156 

100$ 



— 

•6-7 

1679 

134 

906 



— 

7-8 

1925 

149 

913 

— 



•7-8 

1822 

106 

674 




8-9 

2126 

176 

1003 



— 

•8-9 

1864 

112 

705 


— 

— 

9-10 

2054 

172 

1008 



— 

•9-10 

1944 

131 

798 



— 

10-11 

1878 

121 

755 



— 

•10-11 

1818 

99 

633 



— 

11-12 

1931 

161 

983 

— 


— 

•11-12 

1835 

142 

865 



— 

12-13 

2260 

164 

897 

1 


— • 

•12-13 

2084 

113 

773 

1 




1 For methods and equations see Kibler and B^ody^^ 

* Th© heat production was calculated on the assumption that 1 liter of oxygen has a heat equivalent of 4.1 
Cal. for the fpo chickens and 4.7 Cal. for th© fasted chickens. ^ ^ 

> Surface area was computed from the equation, surface area in sq. cm. — 8.19 (body weight in grams)”'^ 
os determined for White Leghorn chickens by Mitchell (’30). 
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Table 14.1a. Growth and metabolism of albino rats 
(Basal values are shown on starred lines.) 


Age 

(days) 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 


Litters , 

Females 

Average per rat 


Average per 



•4 

• 

c 


Age 



Body 

Cal.» 

E 

» 

O’ 

^ A 


(days) 

Body 

Cal.i 

weight • 
(gtn) 

Day 

l/l 

« 

<9 

Q 


WvL^II V 

(gm) 

Day 



u 





5.64 

1.51 

456 

24 

34.0 

7.9 

6.21 

2.09 

596 

26 

39.6 

10.3 

7.07 

2.31 

614 

28 

46.0 

12.4 

8.37 

2.33 

552 

30 

52.2 

14.8 

9.74 

2.70 

581 

32 

60.8 

16.5 

10.7 

3.11 

635 

*32 

50.5 

13.6 

12.2 

3.48 

666 

34 

68.8 

19.4 

13.3 

2.98 

531 

*34 

57.2 

12.4 

14.2 

2.55 

437 

36 

76.6 

19.8 

15.5 

3.22 

520 

*36 

75.9 

16.8 

1 

16.3 

2.97 

466 

40 

93.3 

23.2 

17.4 

3.41 

512 

♦40 

85.6 

18.6 

18.9 

4.06 

578 

45 

112 

26.7 

19.8 

4.05 

559 

*46 

104 

22.9 

20.8 

4.24 

564 

50 

119 

26.2 

21.7 

4.74 

616 

♦51 

118 

22.5 

22.9 

4.52 

569 

55 

138 

25.1 

23.6 

4.73 

586 

*56 

127 

23.2 

24.4 

4.83 

584 

60 

153 

27.4 

25.4 

5.29 

624 

65 

162 

27.6 

28.9 

6.53 

713 

•66 

149 

23.4 

32.1 

7.02 

714 

74 

171 

27.7 





*76 

162 

22.4 





85 

180 

25.6 





♦87 

178 

23.0 





100 

192 

27.7 





*101 

174 

23.6 





120 

197 

27.1 





*121 

185 

23.8 


c 


<4 

u 


>» 

a 


779 

921 

1010 

1117 

M30 

1045 

1203 

880 

1193 

998 

1210 

1022 

1241 

1119 

1171 

1015 

1035 

998 

1048 

1021 

912 

987 

824 

884 

800 

917 

829 

880 

806 


Males 


Age 

(days) 


24 

26 

28 

30 

32 

♦32 

34 

*34 

36 

*36 

40 

♦40 

45 

♦46 

50 

♦51 

55 

♦56 

60 

65 

*66 

74 

*76 

85 

♦87 

100 

♦101 

120 

♦121 


Average per rat 


Body 

weight 

(gm) 


35.5 

39.1- 

44.7 

51.7 

60.4 

56.7 

68.4 

58.7 

78.1 

74.2 
101.0 

89.5 
128 
118 
147 
137 
167 
161 
201 
221 
209 
249 
242 
269 
264 
293 
276 
310 
296 


Cal.i 

Day 


8.0 

11.4 
12.6 
15.1 

16.4 
12.3 
17.6 

15.0 

19.1 

16.5 

24.2 
20.1 
28.0 

24.3 

29.3 

23.4 

28.4 
26.8 

30.8 

33.1 

27.6 

33.6 

30.2 

32.9 

31.6 

33.9 

31.9 

33.7 

31.4 



771 
1038 
1053 
1114 
1130 
878 
1084 
1048 
1120 
995 
1204 
1 080 
1198 
1094 
1149 
962 
1029 
991 
991 
1002 
867 
946 
865 
882 
857 
862 
843 
826 
797 


1 The heat production was calculated on the assuniption that 1 liter of oxygen had a 
heat equivalent of 4.7 Cal for the litters and 4.9 Cal for the older rats. A value of 4./ 

Cal was also assumed for the fasted rats. ... * 

2 Surface area was computed from the equation, surface area in square meters ^ 

0.0011 (weight in gm. )*>•”. 



Table 14.2. Prediction Table for Resting Energy Maintenance Cost and Ventilation Rate in Growing Holstein Cattle. 
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1 Xhe heat production was computed on tlie assumption tliut otie liter of oxy^?cn has a lieat e<juivalent of 4.825 Cal. 

* Surface area was computed from the equation, surface area in sq. meters = 0.1 (weight in kg.) 0.63. See Mls.souri Agr. Exp. Sta. Res. Bull. 115, p. 30 
> Computed on the assumption that one lb. TDN (total digestible nutrients) is equivalent to 1814 Cal. or I gm. of TDN to 4 Cal. 

* Computations for these body weights arc extrapolations beyond the range of actual data. 



Table 14.4a. Energy Metal)olisnri and Pulmonary Ventilation in Growing Swine. 

Pretiictinn Table for Vcatilatioo Ra(e of GrowinR Swine bir Both Sexes.* 
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1 qt. of milk = 2.15 lb. (20® C.) = 730 Calories; 1 liter of milk = 1.031 kg = 773 Calories. 
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BIOENERGETICS AND GROWTH 
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METABOLISM AND PULMONARY VENTILATION 


401 


Table 14.7. Live Weight, Resting and Basal Metabolism of Jersey Cattle, Females, 

at Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

Metabolism (Cal/kg/day) 

Metabolism 

(Cal/.lay) 

Resting 

Basal 

Resting 

Basal 

2 

44.0 

48.2 

36.5 

2121 

1606 

4 

73.0 

42.6 

32.2 

3110 

2351 

6 

111 

37.9 

28.7 

4207 

3186 

8 

146 

34.1 

25.8 

4979 

3767 

10 

174 

30.9 

23.4 

5377 

4072 

12 

201 

28.4 

21.5 

5708 

4322 

14 

228 

26.2 

19.8 

5974 

4514 

16 

256 

24.3 

18.4 

6221 

i 4710 

18 

283 

22.9 

17.3 

6481 

4896 

20 

310 

21.7 

16.4 

6727 

5084 

22 

338 

20.7 

15.7 

6997 

5307 

24 

366 

19.9 

15.1 

7283 

5527 

26 

396 

19.2 

14.5 

7603 

5742 

28 

404 

18.7 

14.2 

7555 

5737 

30 

404 

18.2 

13.8 

7353 

5575 

32 

406 

17.8 

13.5 

7227 

5481 

34 

416 

17.5 

13.2 

7280 

5491 

36 

434 

17.2 

13.0 

7465 

5642 

38 

456 

17.0 

12.9 

7752 

5882 

40 

480 

16.8 

12.7 

8064 

6096 


Q/m = 39e-'>»«' + 16 

Qb/m = Q/m - {Q/m X 0.243) . • 

Q/ffi is Testing metabolism per unit body weiglit; Qb/in is basal metabolism per unit 
body weight, w. 


Table 14.8. Live Weight, Resting and Basal Metabolism of Jersey Cattle, Males, 

at Different Ages 


Age 

(mos) 

Live Weight 
(kgs) 

Metabolism (Cal/kg/day) 

Metabolism (Cal/day) 

Resting 

Basal 

Resting 

Basal 

2 

47 

48.8 

36.1 

2294 

1697 

4 

1 80 

43.0 

31.8 

i 3440 

2544 

6 

120 

i 38 . 3 

28.3 

4596 

3396 

8 

155 

34.4 

25.5 

5332 

3953 

10 1 

193 

31.3 

23 . 2 

6041 

4478 

12 

232 

28.8 

21.3 

6682 

4942 

14 

270 ! 

26.7 

19.8 

7209 

5346 

16 

310 

25.1 

18.6 

7781 

5766 

18 

345 

23.7 

17.5 

8177 

6038 

20 

377 

22.6 

16.7 

8520 

6296 

22 

410 

21.8 

16.1 

8938 

6601 

24 

435 

21.0 

15.5 

9135 

6743 


Q/m = + 18 

Qb/m = 28.16-*'^'' + 13.3 
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Table 14.9. Live Weight, Resting and Basal Metabolism of Holstein Cattle, Femajes, 

at Different Ages 


Age 

Live Weight 
(tg) 

Metabolism (Cal/kg/day) 

Metabolism (Cal/day) 

(mos) 

Resting 

Basal 

Resting 

Basal 

2 

62 

41.0 

31.6 

2542 

1959 

4 

100 

36.9 

28.4 

3690 

2840 

6 

145 

33.3 

25.7 

4829 

3727 

8 

186 

30.4 

23.4 

5654 

4352 

10 

221 

27.8 

21.4 

6144 

4729 

12 

255 

25.6 

19.7 

6528 

5024 

14 

292 

23.8 

18.3 

6950 

5344 

16 

330 

22,4 

17.3 

7392 

5709 

18 

367 

21.1 

16.3 

7744 

5982 

20 

403 

20.0 

15.4 

8060 

6206 

22 

440 i 

19.0 

14.6 

8360 

6424 

24 

483 

18.3 

14.1 

8839 

6810 

26 

524 

17,6 

13.6 

9222 

7126 

28 

544 

17.0 

13.1 

9248 

7126 

30 

509 

16.6 

12.8 

8449 

6515 

32 

490 

16.2 

12.5 

7938 

6125 

34 

508 

15.8 

12.2 

8026 

6198 

36 

520 

15.6 

12.0 

8112 

6240 

38 

536 

15.3 

11.8 

8201 

6325 

40 

553 

15.1 

11.6 

8350 

6415 


Q/m = 32e-<>«"‘ + 14 

Qb/m = Q/m — (Q/m X 0.229) 


Table 14.10. Live Weight, Resting and Basal Metabolism of Sheep, Females, at 

Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

1 

Metabolism (Cal/kg/day) 

1 

Metabolism (Cal/day) 

Resting 

Basal 

Resting 

Basal 

2 

18.5 

55.3 

44.9 

1023 

831 

4 

33.5 

45.3 

36.8 

1518 

1233 

6 

39.8 

38.7 

31.5 

1540 

1254 

8 

44.1 

34.6 

28.1 

1526 

1239 

10 

48.0 

31.8 

25.0 

1526 

1243 

12 

53.3 

30.1 

24.5 

1604 

1306 

14 

59.7 

29.0 

23.6 

1731 

1409 

16 

53.0 

28.3 

23.1 

1500 

1224 

18 

54.6 

27.8 

22.7 

1518 

1239 

20 

55.8 

27.5 

22.4 

1535 

1250 

22 

60.8 

27.4 

22.3 

1666 

1356 

24 

64.7 

27.2 

22.2 

1760 

1436 

26 

59.7 

27.1 

22.1 

1618 

1319 

28 

56.7 

27.1 

22.1 

1537 

1253 

30 

58.5 

27.0 

22.0 

1580 

1287 

> 


Q/m = 44e-“‘ + 27 
Qb/m = 35 . + 22 
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Table 14.11. Live Weight, Resting and Basal Metabolism of Sheep, Wethers, at 

Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

Metabolism (CalAt»/day) 

Metabolism (Cal/day) 

Resting 

Basal 

Resting 

Basal 

2 

18.5 


33.2 


614 

4 

34.0 

46.6 

30.8 

1584 

1047 

6 

41.2 

43.2 

28.7 

1780 

1182 

8 

45.8 

40.1 

26.8 

1837 

1227 

10 

51.0 

37.4 

25.1 

1907 

1280 

12 1 

58.3 

35.1 

23.7 

2046 

1382 

14 

65.0 

33.0 

22.4 

2145 

1456 

16 

69.7 

31.1 

21.3 

2168 

1485 

18 

74.0 

29.5 

20.3 

2183 

1502 

20 

78.2 

28.0 

19.4 

2190 

1517 

22 

83.1 

26.7 

18.6 

2219 

1546 

24 

87.7 

25.6 

17.9 

2245 

1570 

26 

89.7 

24.6 

17.4 

2207 

1561 

28 

84.9 

23.7 

16.8 

2012 

1426 

30 

90.9 

22.9 

16.4 

2082 

1491 


Q/m =38e-»'2‘ + 17 
Qb/m = 23e-'»'‘ + 13 


Table 14.12. Live Weight, Resting and Basal Metabolism of Beef Cattle, Females, 

at Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

Metabolism (CalAg/day) 

Metabolism (Cal/day) 

Resting 

Basal 

Resting 

Basal 

4 

87 

40.1 

23.7 

3489 

2062 

* 

6 

130 

35.4 

22.1 

4602 

2873 

R 

174 

31.5 

20.8 

5481 

3619 

10 

214 

28.4 

19.6 

6078 

4194 

A V 

12 

247 

25.7 

18.7 

6348 

4619 

14 

280 

23.6 

17.9 

6608 

5012 

16 

317 

21.9 

17.3 

6942 

5484 

xv 

18 

351 

20.4 

16.7 

7160 

5862 

20 

383 

19.3 

16.3 

7392 

6243 

22 

399 

18.3 

15.9 

7302 

6344 

24 

416 

17.5 

15.6 

7280 

6490 

26 

452 

16.9 

15.3 

7639 

6916 

28 

444 

16.3 

15.1 

7237 

6704 

30 

417 

16.0 

14.9 

6672 

6213 

MV 

32 

414 

15.6 

14.8 

6458 

6127 

t/v 

34 

423 

15.3 

14.6 

6472 

6176 

V A 

l36 

435 

15.1 

14.5 

6569 

6308 

1 W 

38 

450 

14.9 

14.4 

6705 

6480 

IJM 

40 

454 

14.7 

14.4 

6674 

6538 

42 

456 

14.6 

14.3 

6658 

6521 


Q/m = SOe-'i®' + 14 
Qb/m = + 14 
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Table 14.13. Live Weight. Resting and Basal Metabolism of Beef Steers at 

Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

1 

1 

1 

Metabolism (Cal/Itg/day) 

Metabolism (Cal/day) 

Resting 

Basal 

Resting 

Basal 

4 

116 

36.3 

27.6 

4211 

3203 

6 

172 

32.1 

24.4 

5521 

4197 

8 

228 

28-7 

21.8 

6544 

4970 

10 

280 

26.0 

19.8 

7280 

5544 

12 

336 

23.8 

18.1 

7997 

6082 

14 

384 

22.1 

16.8 

8486 

6451 

16 

433 

20.7 

15.8 

8963 

6841 

18 

483 

19.6 

15.0 

9467 

7245 

20 

530 

18.7 

14.3 

9911 

7579 

22 

575 

17.9 

13.7 

10293 

7878 

24 

622 

17.1 

13.2 

10761 

8210 

26 

665 

16.9 

12.9 

11239 

8579 

28 

706 

16.5 

12.6 

11649 

8896 

30 

745 

16.2 

12.4 

12069 

9238 

32 

781 

16.0 

12.2 

12496 

9528 

34 

810 

15.8 

12.1 

12798 

9801 

36 

840 

15.6 

11,9 

13104 

9996 

38 

865 

15.5 

11.8 

13408 

10207 

40 

888 

1 

15.4 

11.8 

13675 

10478 


Q/m = + 15 

Qb/m = 4 - 11.5 


Table 14.14 Live Weight. Resting and Basal Metabolism of Horses, Females and 

Geldings Combined, at Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

Metabolism (CalAg/day) 

Metabolism (Cal/day) 

Resting 

Basal 

Resting 

Basal 

2 

166 

37.9 

28.7 

6291 

4764 

4 

247 

30.7 

25.9 

7583 

6397 

6 

297 

26.8 

23.6 

7960 

7009 

8 

336 

24.6 

21.7 

8266 

7291 

10 

369 

23.5 

20.2 

8672 

7454 

12 

400 

22.8 

18.9 

9120 

7560 

14 

426 

22.4 

17.9 

9542 

7625 

16 

446 

22.2 

1 17.0 

9901 

7582 

18 

457 

22.1 

16.3 

10100 

7449 

20 

469 

22.1 

15.7 

10365 

7363 

22 

482 

22.0 

15.2 

10604 

7326 

24 

507 

22.0 

14.8 

! 11154 

7504 

26 

544 

22.0 

14.5 

11968 

7888 

28 

576 

22.0 

14.3 

12672 

8237 

30 

607 

22.0 

14.0 

13354 

8498 

32 

632 

22.0 

13.9 

13904 

8785 

34 

660 

22.0 

13.7 

14520 

9042 

36 

649 

22.0 

13.6 

14278 

8826 

38 

635 

22.0 

13.5 

13970 

8573 

40 

658 

22.0 

13.4 

14476 

8817 


Q/m = + 22 

Qb/m = 196 - '^"^' 4 - 13 
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Table 14.15 Live Weight, Resting and Basal Metabolism of Swine, Females, at 

Different Ages 


Age 

Live Weight 

Metabolism (Cal/kg/day) 

Metabolism (Cal/day) 

(mos) 

(kg) 

Resting 

Basal 

Resting 

Basal 

2 

S.O 

118.1 

48.6 

045 

380 

4 

23 

80.6 

37.3 

1853 

858 

6 

s 

55 

57.1 

20 . 6 

3141 

1628 

04 

42.1 

24.4 

3957 

2294 

10 

126 

32.6 

20.7 

4108 

2608 

12 

152 

26 . 6 

18.3 

4043 

2782 

14 

173 

22.9 

16.6 

3962 

2872 

16 

194 

20.5 

15.5 

3977 

3007 

18 

213 

10. 1 

14.7 

4068 

3131 

20 

227 

18.1 

14.1 

4109 

3201 

22 

240 

17.5 

13.8 

4200 

3312 

24 

252 

17.1 

13.5 

4309 

3402 

26 

260 

17.0 

13.4 

4420 

3484 

28 

266 

16.8 

13.3 

4469 

3538 

30 

260 

16.7 

13.2 

4492 

3551 

32 

34 

270 

16.5 

13.1 

4455 

3537 

270 

16.5 

13.0 

4455 

3510 

36 

270 

16.5 

1 

13.0 

4455 

3510 


Q/m = 161 + 16.5 

Qb/tn = 52e-'5‘ + 13 


Table 14. IG Live Weight, Resting and Basal Metabolism of Swine, ^rales, at Different 

Ages 


Akc 

(mos) 


2 

4 

C 

8 

U ) 

12 

14 
16 

15 
20 
22 
24 
26 
2H 
30 


Live Weight 
(kg) 


0 


7 

20 
47 
74 
08 
118 
130 
150 
177 
105 
212 
228 
244 
258 
273 


Metabolism (CalAg/day) 


Kesting 


86.0 

66.7 

53.0 

43.5 

36.7 

31.8 

28.5 
26 . 2 

24.5 

23.3 

22.4 

21.0 
21.0 
21.1 
21.0 


Basal 


50.8 

30.6 

32.2 

27 . 3 

24.1 
22.0 

20.6 

10.7 

19.1 

18.8 
18.5 

18.3 

18.2 
18.2 
18.1 


Metabolism (Cal/day) 


Resting 


602 

1334 

2491 

3219 

3597 

3752 

3962 

4166 

4337 

4544 

4749 

4993 

5246 

5444 

5733 


Basal 


356 

792 

1513 

2020 

2362 

2596 

2863 

3132 

3381 

3666 

3922 

4172 

4441 

4696 

4941 


Q/m = 20.5 

Qb/m — 50e“^“ + 18 
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Table 14.17 Live Weiglit, Resting and Basal Metabolism of Deighton’s* Swine at 

Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

Metabolism (Cal/kg/day) 

Metabolism (Cal/day) 

1 

Resting i 

Basal 

Resting 

Basal 





223 


2 

12 

75.1 


901 


4 

24 

61.4 

34.8 

1474 

835 

6 

42 

50.7 

30.6 

2129 

1285 

8 

60 

42.5 

27.1 

2550 

1626 

10 

78 

36.3 

24.2 

2831 

1888 

12 

96 

31.4 

21.7 

3014 

2083 

14 

114 

27.6 

19.8 

3146 

2257 

16 

131 

24.8 

18.1 

3249 

2371 

18 

149 

22.5 

16.8 

3353 

2503 

20 

164 

20.8 

15.6 

3411 

2558 

22 

177 ' 

19.4 

14.6 

3434 

2584 

24 

189 

18.4 

13.9 

3478 

2627 

26 

200 

17.7 

13.2 

; 3540 

2640 

28 

211 

17.0 


i 3587 

— 

30 

220 

16.6 

■ 

3652 



Q/ra = + 15 

Qb/m = + 10 

^ Deighton, T. A., J. Agr. Sci.j 19, 140 (1929). 


Table 14.18 Resting Metabolism, Basal Metabolism, and Heat Increment of Feeding 

in Horses for different weights 

Heat Production in Calories per Day 


Weight 

(kg) 

Resting Metabolism 

Basal Metabolism 

Heat Increment of Feeding 

Full 

Fed^ 

Half 

Fed* 

Female* 

Geld- 

ing5< 

Full 

Fed 

Half 

Fed 

Female 

Geld- ; 
ings 

Full 

Fed 

Half 

Fed 

Female 

Geld- 

ings 

300 

7920 

i 7740 

8160 

8190 

5481 

5031 

5949 

5332 

2439 


2211 

2858 

325 

8353 

8125 

8548 

8515 


5281 

6231 

5543 

2573 

2844 

2317 

2972 

350 

, 8750 

8540 

8925 

8855 


5551 

6506 

5765 

2695 

29891 

2419 

3090 

375 

9225 

9000 

9338 

9225 

6384 

5850 

6807 


2841 


2531 

3220 

400 

9720 

9440 

9720 

9600 

6726 

6136 

7086 


2994 


2634 

3350 

425 

10200 

9903 

10158 

9988 


1 6437 

7405 


3142 

3466 

2753 

3486 

450 

■nir|m 

10350 

10575 

10350 

' 7411 

6727 

7709 

6738 

3299 

3623 

2866 

3612 

475 


10830 

11020 

10783 

' 7757 

7039 

8034 


3453 

3791 

2986 

3763 

500 

BtTiiii 

11300 

11500 

11206 


! 7345 

8383 

7291 

3604 

3955 

3117 

3909 

525 

12285 

11813 

11970 

11603 


7678 

8726 

7554 

3784 

4135 

3244 

4049 

550 

12815 

12320 

12430 

12100 

8868 

8008 

9061 

7877 

3947 

4312 

! 3369 

4223 

575 


12823 

12880 

12535 

9231 

8335 

9390 



4488 

3490 

4375 

600 


13380 

13380 

13020 

9591 

8697 

9754 


4269 

4683 

3626 

4544 

625 

14438 

13875 

13875 

13438 

9991 

9019 

10115 

8748 

4447 


3760 

4690 

650 


14430 

14365 

13975 

10390 

9379 

10472 


4625 


3893 

4877 

675 

15593 

14985i 

14850 

14445 


9740 

10826 



! 5245 

4024 

5041 

700 ' 




1 



11227 

■jtlii 


5415 

4173 

m 


I Q/m = 70 e~.oioim 4. 23 

* Q/m = 22 


3 Q/m = + 21.7 

4 Q/m = 21 
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Table 14.19 Live Weight, UestiiiR and Hasal Metabolism of Holstein Cattle, Males, at 

Different Ages 


Age 

(mos) 

Live Weight 
(kg) 

Metabolism (C 

'al,dtg/day) 

Metabolism 

(Cal/day) 

Resting 

Basal 

Resting 

Basal 

2 

71 

42.9 

— 

3046 

— 

4 

112 

37.6 


4211 


6 

166 

33.0 

— 

5478 

— 

8 

226 

28.9 

— 

6531 

■ ~~ 

10 

280 

25.3 

— 

7084 


12 

333 

22.2 

— 

7393 


14 

380 

19.5 


7410 



Q/m = 


Table 14 20 Resting Metabolism, Basal Metabolism, and Heat Increment of Feeding 

in Dairy Cattle for different weights 

Heat Production in Calorics per Day 


Wt. 

(ig) 


Resting Metabolism 


Hols. 

Ferns. 


I 


Jersey 

Ferns. 


25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
•100 
425 
450 
475 
500 


2 




1175 
2190 
3050 
3800 
4435 
4995 
5495 
5940 
6320 
6675 
6985 
7290 
7605 
7860 
8138 
8360 
8628 
8910 
9120 
9450 


Under 
fed 
Jersey 
Ferns. 


^ . c 
^ gw 

>'£ 5 


1355 
2420 
3260 
3900 
4460 
4905 
5285 
5600 
5895 
6150 
6410 
6660 
6923 
71751 
7425 
7680 
7948 
8235 
8550 
8850 


1368 
2390 
3173 
3770 
4238 
4620 
4970 
5260 
5535 
5800 
6078 
6360 
6630 
6930 
7238 
7560 
7863 
8190 
8550 
8900 


Jersey 

Males 


Basal Metabolism 


Hols. 

Ferns 


1255 
2325 
3233 
4010 
4663 
5220 
5688 
6100 
6435 
6725 
6958 
7170 
7378 
7525 
7688 
780C 
7948 
8055 
8170 
8250 


la 


1270 
2350 
3270 
4060 
4750 
5340 
5845 
6320 
6705 
7100 
7425 
7740 
8027 
8330 
8588 
8880 
9138 
9405 
9600| 
9950i 


897 

1671 

2327 

2899 

3384 

3811 

4193 

4532 

4822 

5093 

5330 

5562 

5803 

5997 

6209 

6379 

6583 

6801 

6959 

7210 


Heat Increment of Feeding 


erscy 

'ems. 

Under- 

fed 

Jersey 

h% 

Jersey 

Males 

t/) 

£ 

V 

t. 

• 

E 

u* 

Under- 

fed 

Jersey 

Ferns. 

V 

V 

g.S 

>Vf^ w 

n 

• 

Ferns. 



♦ 

3 

^ % 

V 


t/i 

u 

2a 

Ja 

4a 

5a 






1007 

1045 

917 

932 

278 

348 

323 

338 

338 

1798 

1826 

1700 

1725 

519 

622 

564 

625 

625 

2422 

2424 

2363 

2400 

723 

838 

749 

: 870 

870 

2898 

2880 

2931 

2980 

901 

1002 

890 

1079 

1080 

3314 

3238 

3409 

3486 

1051 

1146 

1000 

1254 

1264 

3644 

3530 

3816 

3920 

1184 

1261 

1090 

1404 

1420 

3927 

3797 

4158 

4290 

1302 

1358 

1173 

1530 

1555 

4161 

4019 

4459 

4639 

1408 

1439 

1241 

1641 

1681 

4380 

4229 

4704 

4921 

1498 

1515 

1306 

1731 

1784 

4569 

4431 

4916 

5211 

1582 

1581 

1369 

1809 

1880 

4763 

4644 

5086 

5450 

1655 

1647 

1434 

1872 

1975 

4948 

4859 

5241 

5681 

1728 

1712 

1501 

1929 

2059 

5144 

5065 

5393 

5892 

1802 

1779 

1565 

1985 

2135 

5331 

5295 

. 5501 

6114 

1863 

1844 

1635 

1 024 

2216 

5517 

5530 

1 5620 

6304 

1929 

1908 

1708 

2068 

2284 

570e 

i 5776 

1 5702 

6518 

1981 

1974 

1784 

2098 

2362 

5905 

1 6007 

5810 

' 6707 

2045 

2043 

1856 

2138 

2431 

611<] 

1 6257 

’ 5888 

. 6003 

,2109 

12116 

, 1033 

2167 

2502 

6353 

t 6532 

: 5972 

; 7112 

;2161 

2197 

2018 

, 2108 

2578 

657t 

> 680C 

1 6031 

7303 

;2240 

1 2274 

2100 

2219 

2647 


1. Q/m 

2 . Q/m 

3. (?/m 

4. Q/m 

5. Q/m 


30g-. 0048m ^ 15 

45g-.00«(lm 16 

35g-.008m ^ 17 

44 g-. 0030m 4 . 10.3 
39g- .0048m 4 . 16 


lit. Qh/m 
2a. Qb/m 
3a. Qb/ni 
4a. Qb/m 
5a. Qb/tu 


28c 

33e 

35c 

32c 

29c 


“ .0046m 

- .0086m 

- .008m 

- .0039m 

- .0046m 


+ 11.4 
+ 12 
+ 13 
+ 7.3 
-f 11.7 
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Table 14.21 Resting Metabolism, Basal Metabolism, and Heat Increment of Feeding 

. in Beef Cattle for different weights 


Weight 

(kg) 

Heat Production in Calories per Day 

Resting Metabolism 

Basal Metabolism 

Heat Increment of Feeding 


Females^ 

Steers^ 

Females*® 

' Steers^ 

1 

Females 

Steers 

25 

1505 

1155 

765 

855 

740 

300 

50 

2675 

2140 

1420 

1584 

1255 

556 

75 

3585 

2980 

1 995 

2205 

1590 

775 

100 

4290 

3700 

2480 

2738 

1810 

962 

125 

4825 

4340 

2913 

3212 

1912 

1128 

150 

5265 

4890 

3300 

3619 

1965 

1271 

175 

5580 

5370 

3640 

3974 ! 

1940 

1396 

200 

5840 

5800 

3940 

4292 

1900 

1508 

225 

6050 

6210 

4230 

4595 

1 820 

1615 

250 

6250 

6550 

4475 

4847 

1775 

1703 

275 

6410 

6900 

4730 

5106 

1680 

1794 

300 

6540 1 

7230 

4950 

5350 

1590 

1880 

325 

6695 

7508 

5168 

5556 

1527 

1952 

350 

6825 

7805 

5390 

5776 

1435 

2029 

375 

6975 

8100 

5588 

! 5994 

1387 

2106 

400 

7120 

8400 

5800 

6216 

1320 

2184 

425 

7268 

8670 

5993 

6416 

1275 

2254 

450 

7425 

8955 

6165 

6627 

1260 

2328 

475 

7600 

9263 

6365 

6855 

1235 

2408 

500 

. 7800 

9550 

6600 

7067 

1 200 

2483 

525 


9818 


7265 

— 

2553 

550 


10120 

— 

7489 

— 

2631 

575 


10408 

— 

7702 

— 

2706 

600 


10740 

— 

7948 

— 

2792 

625 


11063 

1 

8187 

— 

2876 

650 


11375 

— 

8417 


2958 

675 


11678 

■ 

8642 

— 

3036 

700 


12040 


8910 


3130 


iQ/m = 55c- ®®'”"* + 13 - 22c--®®''^"* + 11 

2 0/m = 34c- ®®' 8 "‘ + 16 2 « = 25e- ®®‘«"‘ + 12 


Table 14.22 Resting Metabolism, Basal Metabolism, and Heat Increment of Feeding 

in Sheep for different weights 


Heat Production in Calories per Day 


Weight 

(kg) 

Resting Metabolism 

Basal Metabolism 

Heat Increment of Feeding 

Females* 

Wethers^ 

Females 

1 

Wethers^ 

Females 

Wethers 

25 

50 

75 

100 

1240 

1575 

1740 

1930 

1340 

1865 

2090 

2240 

856 

1087 

1201 

1332 

943 ’ 

1313 

1471 

1577 

38*1 

488 

539 

598 i 

1 

397 

552 

619 

663 


1 Q/m = 73e--®®^”* + 16 

2 Q/m = eTe- "”" + 15 2 . Qb/^ = 47e-.i>22" + 10.6 
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Table 14.23 Resting Metabolism, Basal Metabolism, and Heat Increment of Feeding 

in Swine for different weights 


Heat Production in Calories per Day 


Wt. 

(tg) 

Resting Metabolism 

Basal Metabolism 

Heat Increment 
of Feeding 

Females' 

Males' 

Deigh- 

ton’s' 

Females'® 

Males'® 

Dcigh- 

ton’s*® 

Females 

Males 

Deighton’s 

25 

1080 

1610 

1548 

905 

993 

1130 

775 

617 

418 

50 

.2620 

2565 

2380 

1440 

1605 

1480 

1180 

960 

900 

75 

3130 

3140 

2813 

1770 

1 2033 

1868 

1360 

1107 

945 

100 

3400 

3530 

3030 

2010 

2370 

2130 

1390 

1160 

900 

125 

3550 

3810 

3163 

2200 

2688 

2325 

1350 

1122 

834 

150 

3660 

4080 

3255 

2385 

3000 

2475 

1275 

1080 

780 

175 

3760 

4340 

3360 

2573 

3325 

2625 

1187 

1015 

735 

MM J « % 

200 

3880 

4640 

3500 

2780 

3660 

2760 

1100 

980 

/40 

225 

4005 

4930 

3668 

2993 

4028 

2903 

1012 

902 

765 

250 

4200 

5250 

3850 

3225 

4400 

3050 

975 

850 

800 

275 

4400 


4070 

3465 


3218 

935 


8o2 

300 

4650 

- 

4290 

3720 


3390 

930 

— '* 

900 

325 



4550 

_ 

— 

3575 

— 


975 

350 

— 


4830 



3745 



1085 


» Q/m = 74e- 14 
*Q/m = 64e- + 19 
* Q/m = 69e + 13.3 


>« Qb/m = 35e- “‘"" + 12 
2* Qb/m = 34e- + 17 
>«Q6/m = 34e-«""’ +10 



Chapter 15 


Maintenance Needs in Relation to Basal Metabolism, 

Body Size, and Productive Efl&ciency 


It has been estimated that the . . . maintenance requirement is between 
11 and 15 per cent above the starvation minimum. Graham Lusk 

The energy cost of maintenance is the net dietary energy (Ch. 2) required 
to keep the organism in a “steady” energetic state— the net dietary energy 
required to replace tlie energy expended while carrying on “maintenance” 
life processes. Maintenance life is conventionally differentiated from pro- 
ductive life in that maintenance living does not involve the production of 
milk, eggs, wool, flesh, etc., or muscular work aside from that associated with 

carrying out the normal non-productive life piocesses. 

The major maintenance-energy expense is the basal energy metabolism. 
According to the (piotation at the head of this chapter, the basal metab- 
olism is approximately 85 per cent of the maintenance energy metabolism. 

The second largest expense for maintenance is the muscular expense, foi 
example, the walking about associated with living. Now the expense of 
walking and similar muscular exertion is proportional to body weight, ir' ” 
(C'h. 24), not to 11’“ ', as is the case for basal or re.sting metabolism (Chs. 13, 
j-jQWgy 0 c^ reasoning on the basis of dimensional analysis (Chs. 10 and 
17) leads to the conclusion that the larger the animal the slower and the fewei 
the movements, so that the voluntary energy expenditure for muscular exer- 
cise tends to parallel the basal metabolism, i.e., it tends to vary with IP '^ 

rather than with 11 ’’ “. 

By similar dimensional-analytic reasoning one may generalize that what is 
true of voluntary muscular work is true of all productive processes: other 
conditions being'equal, the maximal, or limiting, productive capacity tends 
to vary with basal energy metabolism— with approximately 11 ’“ ^— rather than 
with IP ". Kleiber' observed that the maximal relative food capacity, that 

maximal food energ\' co nsumption , 
is, the maximal value of the latio basal energy metabolism 

proximatelv 5 in such diversely sized animals as cattle, rabbits, and chickens; 
from this he coiK'luded that, other conditions l^eing equal, productive efficiency 

is independent ol body size-. 

1 Kleiber. M., Die Tierwelt, 36. 437 (1926) ; Tierernahrung 1 (1933). 

2 For a review of Klcil)er’s work, see Brody, b., Ami. Rev. Bwchem., 4. 383 
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Here is how C'l'iisemann^ exemplities the idea by carrying out the computu 

* 

tion on milk production of one 800-ks and of two 400-kg dairy cows. 


« 

Total 

weight 

(kg) 

Fasting 

metabo- 

lism 

(Cal/ 

(lay) 

Main- 
tenance 
metabo- 
lisable 
energy 
* cost, 1 .67 
times 
fasting 
(Cal/day) 

.Maximal 

metabo- 

lizable 

energy 

ingestion, 

5 times 
basal 
(Cal/day) 

1 

1 

! Metabo- 
lizable 
energy 
above 
main- 
tenance 
(Cal/day) 

Milk 
produc- 
; tion 
' (Cal/ 
day) 

Conver- 
sion of 
metabo- 
lizable 
energy 
into milk 
energy 
(%) 

Conver- 
sion of 
metabo- 
lizable 
energy 
above 
main- 
tenance 
into milk 
energy 
(%) 

One 800-kg cow 
Two 400-kg cows 

800 

800 

7800 

9800 

13000 

16400 

39000 

49000 

26000 

32000 

1 9500 
24500 

50 

50 

75 

75 


% 

The efficiency of milk production is here independent of body size, and the 
same is probablj^ true of other producti\'e processes (Chs. 3 and 22), including 
maintenance, which is in a special category (static) ol a productive process.- 
The foregoing discussion represents the writer’s ideas which, however, are 
not generally accepted, as indicated by the following di.scus.sion. 

In reply to the question concerning the relation of inaintenanec to basal energy 
needs, F. G. Benedict rei)lied as follows: 

“Basal metabolism is one thing. Energy-food reciuirements for maintenance is quite 
a different thing ... I find myself quite unwilling to make any definite statement,’’ 

E. B. Forbes ended his reply to the same (piestion by saying tliat “when a fish bites 
on a bare hook, he is indeed a poor fish’’, and so decided to “stick rather close to experi- 
mental evidence”, and there is no experimental evidence for generalizing at this time. 

H. H. Mitchell replied that the voluntary “activity increment”, one of the major 
factors in the energy expense of maintenance, inobably does not vary with the same func- 
tion of body weight as does basal metabolism. However, he felt “no particular hesita- _ 
tion in saying that the maintenance reiiuiremcnt of protein, expressed in terms of body 
expenditures of nitrogen, will vary for adult animals with a power function of body 
weight”, probably to the same degree as basal energy does. 

The activity increment witli respect to basal metabolism was reported to be 50 to 75 
per cent in humans under sedentary occupation'; 50 per cent in poultry^; about 20 iier 
cent in swine'; very slight in rats’ aiul cattle. .Vrmsby* computed the net energy of beef 
cattle maintained at constant weight in the feed lot to be approximately the same as the 
estimated heat production of fasting cattle in the respiration chamber. Ihese species 
differences do not seem reasonable to the present reviewer and are probably due to dif- 

ferences in experimental metliods. 

In reply to this question J. B. Murlin de,scribed an elaborate experiment, as yet un- 
published, which (said Murlin) “makes me believe emphatically in the idea that energy 


und 



367, 1931 (Table 41, pp. 132-3). 


• MitchVllTH. H.’, a^d Kelle'y, M- A. «•, Agr. rte..., 66. 811 (1038). 

’ Mitchell, H. H., and Carman, G. O., /Im. J. I himol-, 76, 400 1 a 

* Armeby, H, P., “Nutrition of farm animals , New lork, p, z\)\, 


able 8 (1926). 

1917. 
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requirement for maintenance under ordinary living conditions is definitely related to 
body surface, or, if you prefer to put it that way, to some fractional power of the body 

weight.” 


Livestock feeders usually allow so much maintenance per 100 or per 1000 
lbs live weight. Thus for maintenance of dairy cattle Haecker®, Morrison 
(old standard), Savage", and Gaines’* allow 8.0 lbs TDN per 1000 lbs live 
weight. Eckles’* 7.5; Kellner" 6.7; Armsby’^ 6.5; Forbes and Kiiss’^ 6.0; 
Mollgaard" 5.9; Hannsson" 5.7 lbs TDN per 1000 lbs live weight. No allow- 
ance was made in the ratio of TDN per 1000 lbs live weight for small and large 
cows, under the tacit assumption that, unlike basal metabolism, the main- 
tenance energy cost varies directly with simple body weight, not with IF®- 

On the other hand while, e.g., 120-lb sheep or goats are generally thought 
by practical livestock feeders to need 2 lbs TDN /day for maintenance, 1200- 
lb cattle are usually thought to need not 20 but only 10 lbs TDN /day for 
maintenance, which turns out to vary in proportion not to IF’-® but approxi- 
mately to IF®-* {TDN = 0.0704TF®-®®®). In the 1936 edition of Morrison’s 
“Feeds and Feeding’’, the maintenance standard for horses is given to vary 
with the 0.73 power of body weight; and for cattle with the 0.87 power of 

body weight’®. 

It appears from Chs. 13 and 14 and from the above discussion that while 
we have some reliable data and agreement on the relation of basal metabolism 
to body weight, we have no correspondingly reliable data and agreement on 
the relation of maintenance energy to body weight. The reason for this 
deficiency in reliable maintenance data for animals of different size is, of 
course, the relatively great expense involved in maintaining such farm ani- 
mals as cattle in statistically significant numbers in non-productive condition 
for statistically significant periods of time. There is particular need for 
maintenance data for mature animals of the same species, but differing -widely 
in body weight. Dogs might furnish the desired range in body size, although 
it may be objected that dogs differing vddely in body size may differ widely 
in their endocrines (Ch. 7) and consequently in their metabolism and main- 
tenance needs for reasons other than body size as such. 

It is ob-viously important to have precise data on maintenance in relation 


» Haecker, T. L., Minn. Agr. Exp. Sta. Bull., 140, 1914; also Bull. 79, 1903, and 130, 

^^^^o’Morrison, F. B., "Feeds and feeing,” Morrison Pu^ Ithaca, N. Y. 

11 Savaee E. S., New York (Cornell) Agr. Exp. Sta. Bull. 323, 1912. 
n Gaines’ W. L., J. Dairy Sci., 20, 5^ (1938). 

13 Eckles C H., Mo. Agr. Exp. Sta, Res. Bull. 7, 1913. u i f a 

Kriss, ’m.,- J. Nut., 4. 141 (1931); Cary, C. A., “Food and life , Yearbook of Agn- 

-\7ir6so?’ "Feeds and Feeding”, pp. 77, 78, 81, and 1006, 1936. The 0.87 

vahip of the exponent of W for cattle is the average of 1.0 of the 
^tnnflarfl and 0 74 which is the average of Kleiber^s (0.75) and the w'nter s (0.73) valu 
S thfexponent (I ^ 0 74)/2 = 0.87. We shall show later (Ch 24) that in mature horses 
of dSnt size, Percheron and Shetland, the resting metabolism vanes more nearly 

with than with 
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to body size for the scientific planning of national and institutional iuod needs 
for inan, for formulating maintenance teeding standards lor farm animals of 
vm-ious live weights, and for furnishing a basis for judging whether large and 
small farm animals differ in efficiency as converters of feed energy into the 

energy of desired products. 

The introductory discussion (also Chs. 3, 21, and 23) and Crasemann s 
table previously cited indicate that the energetic efficiency of a productive 
process, such as milk production, is independent oi body weight, piovidcd 
that both the maintenance energy cost and the energy equi\'alent of the prod- 
uct vary in the same manner with increasing body weight, for example with 
]yo.7 . there is no agreement on this. The writer and, as pre\ iously noted, 
Kleiber and Crassemann believe that, when other conditions are equal, main- 
tenance and production run parallel, and that both \’ary with 1K“ ’ (the w'litei) 

or (Heiber). 

Gaines'®, on the other hand, belieVes that both milk production and main- 
tenance cost, are directly (linearly) proportional to simple body weight at the 
beginning of the lactation period. This, however, contradicts the fact that 
while superior 120-lb goats produce 10-15 lbs milk a day, 1200-lb superior 
cows produce not 100-150 lbs but only 50-60 lbs a daj^ (Chs. 3, 21, and 22). 
Likewise, wffiile the maintenance need of a 120-lb goat is of the order of 2 lbs 
TDN a day, the maintenance need of a 1200-lb cow is not 20 lbs but of the 

order of 10 lbs TDN a day. . , 

So much for the energy cost of maintenance, which the writer believes vanes 

approximately with IF"-’ rather than with simple body weight, W ■ . The 

same is undoubtedly true of protein, since the ratio of endogenous or minimal 

nitrogen excretion to basal or minimal energy metabolism is approximately 

constant in animals ranging in weight from mice to cattle (Ch. 13), about 

2 mg N/Cal. i ^ u 

As regards the maintenance needs for vitamins and trace elements those 
that are involved in the general oxidation-reduction processes Ch 6) of inter- 
mediary metabolism, such as thiamine or riboflavin, undoubtedly vary 
directly mth the energy metabolism, that is with the food-energy consump- 
tion, and if the energy metabolism varies mth IF® ’, so must vitamin metab- 

olism'b . . . . ... 

To illustrate by thiamine (vitamin Bi), the minimum vitamin required is 

estimated to be, on the basis of various types of data in the literature, m 

micrograms thiamine per 100 grams dry food, 80-100 for rats'®, 60 for chicks 

It n’ of man”, Yale Press, 1934. This was 

for “vrZ n B” as a whol rTiu^em^rwhich author elaimed to vary w-ith IP- in 

iur" anTmals oi di/^ent speal, but (aecortog to the rev^ TA-lo'r 
Cowgill’s data) with for groimng mice, 1F‘ ” for growing rats, W lor growing 

pigeons, W'-'* for ffrouu'nff dogs. r at , ik aoo noisi 

>» Arnold, A., and Elvchjem, C. A., J. Nut., 16, 429 (1938). 
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ami turkeys''-', 75 for dogs-", 50 to 90 for swine-', 90 to 110 for man“. Exer- 
cise'-'* and temperature-', wliicli increase energy metabolism, increase the 
thiamine need proportionately. Hyperthyroidism, which increases energy 
metabolism, also increases thiamine need-^. In general, the minimal thiamine 
reciuirement (for man) is 0.3 to 0.5 mg per 1000 Cal metabolism, and the opti- 
mal is 0.5 to 1.0 mg per 1000 Cal metabolism^s. The thiamine is thus pro- 
portional to the food-energy intake rather than bodj”^ weight. 

It is similarly rea.sonable to a.ssume that riboflavin (the prosthetic group of 
the yellow enzyme) is required in proportion to the oxidation rate, to energy 
metabolism, and therefore to the food or feed intake rather than to body 
weight. This assumption is justified by the following estimates of minimal 
requirement of riboflavin in micrograms per gram dry food: rats^^ and poul- 
try"^ 100 to 200; dogs-^ 200 to 400; swine^^ 50 to 150. 

If the above and othei' data are represented in terms of micrograms per unit 
body weight, the uniformity disappears ahd, like metabolism per unit \veight, 
the larger the animal the smaller this ratio of vitamin B 2 to body w’eight. 


Animal 

Riboflavin need 
(mcg/lOO gm body \vt) 

Rat 

100-200 

Chick 

1 50-300 

Hen 

50-150 

Dog 

Swine 

10-20 

2-6 

Man^i 

4-6 


The data are too few to justify discussing the relation of the other members 
of the vitamin B complex to body weight. One would guess, however, that 
the pyridoxine and nicotinic acid requirements \vould vary with the energy 
metabolism rather than with simple body weight. The situation is compli- 
cated by the fact that many B vitamins are synthesized in the digestive tract. 


Arnold and Klvc'hjem. Id., 16, 403 (1938). 

S'* Arnold and KIvchjom, .4m. ./. Phtjsiol 126, 289 (1939). , m , 

2 * Huglies. K. H.. Knl,. 20, 239 (1940). Van Ltten, C.. Elhs. N. R., and Madsen, 

2Hviniams! H. iV* Mason. II. L., Smith, B. F., and Wilder, R. M., Arch. Int. Med., 
69, 721 (1942); Knott. K. M., Proc. Soc. Exp. Biol, and Med., 46, 765 (1940). 

22 Cluerrant, N. li., and Duteher, R. A., J . A ut., 20, 589 (1940). 

2* Mills, C. A., Am. J. Physiol., 133, 525 (1941). 

2 ^ brill.’ V. A., and Overman. R., .Im. ./. Physiol., 136, 474 (1942). Sure, B., J . Nul., 

^MVi/hams, R. D.,\Mason, ll. L.. and Wilder, R. M., Arch. Inf. Med., 69, 721 (1942). 
27 Supplcc (I. C.. Bonder, R. C.. and Kahlcnherg. O. J., J. Nut., 20, 109 (1940). ^tan- 
nering, G. J.. Lipton, M. A., and Klvehjem, C. A., Proc. Soc. Exp. Bwl. and Med., 46, 

L. C., ei al., N. Y. (Cornell) Agr. Exp. Sta. Bull. 660, 1936. Jukes, T. H., 
Poultry Sci., 17, 227 (1938). Houser, O. F., cl al., Id., 17, 105 (1938). Hunt, C. H., 

A\c\to^*A E., Lipton, M. A., and Elvchjem, Am. J. Physiol., 128, 703 (1939). 

30 Hutdies’ E. H., J. Nut., 20, 233 (1940). . 

31 Scbrcll,’w. H., et al., V. S. Public Health Service, Public Health Reports, 66, 510 

(1941). 
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Curiously enough, ascorbic acid (vitamin C) metabolism is said to vary 
with body weight^- rather than with energy metabolism. Still, guinea pigs 
are said to require 0 to 7 mg ascorbic acid pci' kg body weight, or perhaps 5 mg 
per kilo^®, whereas adult man and older children are said to require only 0.7 
to 1.6 mg per kg body weight per day”; ineVeasing metabolism by thyroxine 
increases the ascorbic acid requirements accordingly’^ 

As regards the minimal reciuirement of the tat-soluble vitamins, it is defi- 
nitely established’® that the reciuirement tor vitamin A \'aries dirceth’ with 
simple weight, ir‘ “, and not with metabolism, ir" h The minimal vitamin A 
(not carotene) is 2 to 4 micrograms per pound live weight per day in such 
diverse species as rats, dogs, swine, sheep, cattle, and horses’®. Ihe .situation 
is more complicated when feeding carotene (rather than vitamin A) because 
of species and perhaps individual ditlerences in ability to utilize carotene. 
Thus rats, sheep, cattle, honses, and perhaps swine utilize carotene quite well, 
requiring about 10 micrograms carotene per pound body weight per day’®; 
chickens ” require about 50 micrograms carotene per pound per day, although 
the vitamin A requirements are virtually the .same for both groups. 

We conclude this chapter with a “maintenance standard” for energy and 
protein need of animals ranging in size from 0.1 to 1000 kg and with related 

items. 

This “maintenance standard”, presented in lable 15.1 and Fig.s. 15.1 and 
15.2, is based on digeslible energy {TDX = total digestible nutrients, a.ssuming 
that 1 lb TDN is equivalent to 1814 digestible Calories; one gram TON is 
equivalent to 4 Cal; 1 gram protein and carbohydrate have heat equivalents 
of 4 Cal and 1 gram fat, 9 Cal) and digestible crude i)rotein (DCP = “digesti- 
ble” N X 6.25). By employing the digeslible nutrient category, complica- 
tions associated with' fecal losses are apparent!}' not actually ax'oided. 

This “standard” is ba.sed on the assumption that both the energy and ni- 
trogen metabolism vary with 11'® ” rather than with ir> ®; and that the main- 
tenance need for digestible energy, TDX, is double the ba.sal-cnergy metab- 
olism and that the digestible crude protein, DCP, is four times the protein 

equivalent of the endogenous urinary excretion. 

In Figs. 15.1 and 15.2 the heavy curves designated by (.V) reiJie.sent basal 

metabolism, or endogenous urinary nitrogen. The lighter cur\es dc.dgnated 
by (2A), (3A), and (4A) represent 2, 3, and 4 times the basal levels. The 
broken curves represent Henry and Morrisons feeding standaids (1923) foi 

” Daiin, M., 101(1 Cownill, (1. 11., •/ -N »/.. 9, .)()< (Ht.H). 

" nerman M. T., and Miller, 1'., A.«n.s-. Arail. .See, 42. Ito, l.U,), /ilva, S. S., liw- 

chem. ./., 30. Ml!) (l!).‘«i). , ... 

Sinitli S 1, U H |)..\. Yeiu lxiok, |). '2.1.'), I!).!!). 

« DemalV, V .'and l|.,.en, K.. <’>«"<■■ 236. -''(i (I'lll.M. Oelnne, ('., kh„. 

Wckiischr., Ibt I'M (1030). . ,, , m /wiwn u...* f' 

"Ouilhert, II. R.. Howell, C. K., and Hart. (.. H.. ./. .\ »/., 19. .)! (l.HO). H.ot, 

H., Nul. Ahn. and Rer.. 10, 201 (1010). nn-jn vi i i? M i 

" Frohrinir W. ()., and Wyoiui. .1., J. A »/., 8. 103 (1034). Sherwood. R. M.. and 

Fraps, G, S.,^T('xas Agr. Kxp. Sta. Rnll. .V2H, 1939, and 1910. 
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maintenance, which increases directly ^^■ith body w’eight (curves A, 2A, etc. 

increase with the 0.73 power of body weight). 

These “standards” arc in agreement with the usual 3000 Cal and 70 to 80 
grams protein maintenance allowance for a 70-kg man, and with Henry and 
IMorrison’s 1923 maintenance standard for about 500-pound farm animals. 


A X. 9. 60 lOO 200 400 600^ 



20 40 60 8000 200 

BODY WEIGHT. LBS.- 


2000 


Fie 15.1. Line (A) designates the DCP (digestible crude protein) equivajent of uri- 
nary ^endogenous nitrogen%xcretion (1 unit DCP is equivalent to 6.25 units urinary 
endogenous nitrogen). Lines 2x{A), 3x(A), etc designate respectively 2, 3 • . • times 
the urinary endogenous level curve. Line 4x(.\), represpting 4 tim^ the endogenoii 
DCP equivalent, is the proposed DCP standard for maintenance. The broken curve 
represents the 1923 Henry and Morrison maintenance standard. 

Our “standard” is probably equally applicable to all species of warm-blooded 
animals, from mice to elephants: maintenance per unit weight declines with 
increasing weight not only as regards energy (or TDN) but also as regards 
nitrogen (or DCP). As previously noted, the need for general-o.xidation 
reduction biocatalysts (as thiamine and riboflavin, etc.) perhaps vary in 

similar, fashion. 
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While tlie “standard” in Table 15.1 and Figs. 15.1 and 15.2 is based on the 
assumption that the maintenance need for TDN calories is twice the basal- 
metabolism calories given in Table 13.7, we have computed (Ch. 21) the 
maintenance TDN of lactating cows by a dilTerent method — by algebraic 
(least squares) partitioning of the 'TDN consumed between its uses for: (1) 
milk production, (2) maintenance, and (3) weight gain or loss. Such algebraic 
partitioning of the TDN consumed b}' 243 good lactating cows ga^•e 8.2 lbs 
TDN for maintaining a 1000-lb lactating cow. It is interesting to compare 


KILOGItAMS 



BODY WfIGtIT. LBS. 


Fig 15 2 Line (A) designates the curve of basal metabolism; lines 2x(A), 3x(A) and 
4x(A) designate respectively 2, 3 and 4 times basal energy levels. The proposed TDN 
standard represents curve 2A. (1 gm TDN is taken to be equivalent to 4 Cal, 1 lb to 
1812 Cal) The broken curve represents the 1923 Henry and Morrison standard for 

TDN. 

this maintenance value with those arrived at by other investigators employing 
other methods. 

Fig. 15.3 shows Gaines'® graphic comparison of the various maintenance 
feeding standards with our suggested maintenance standard for lactating 
cows. The results are expressed in terms of pound TDN per 1000-lb live 
weight of cow. Frederiksen’s curve is based on the assumption that TDN 
need for maintenance is proportional to IF-'®; the author’s, that it is propor- 
tional to IF® ”; Morrison’s (1936 ed.) that it is proportional to lF® «b The 
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Table 15.1 Feeding Standards for Maintenance.* 


Pound SysUm 


Body 

wt. 

(lbs) 


2000 

1900 

ISOO 

1700 

1600 

1500 

1400 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

350 

300 

250 

200 

150 

125 

100 

75 

50 

25 

10 

9 

H 

7 

6 

5 

4 

3 

2 

1 


TDS (lbs) 


Per 

animal 


Per 

1000 

lbs 


11.20 
10.79 
10.37 
9.95 
9.52 
9.08 
S.63 
.8.18 
7 . 1 1 
7.24 
6.75 
0.25 
5.74 
5.21 
4.fi5 
4.07 
3.46 
3.14 
2. SO 
2.45 
2.09 
1.69 
1.48 
1.26 
1.02 
.758 
.4.57 
.234 
.217 
.199 
.181 
.161 
.141 
.120 
.0972 
.0723 
.0436 
9 .0404 

.8 .0371 

.7 .0336 

.6 .0300 

.5 .0263 

.4 .0223 

.3 .0181 

.2 .0135 

.1 .0081 


Gram System 


5.60 
5.6S 
5.76 
5.. So 
5.95 
6 . 05 
6.16 
6.29 

6.43 
6.58 

6.75 
6.94 
7.17 

7.44 

I • ^ D 

8.14 

8.65 

S.97 

9.33 

9. 50 
10.45 

11.27 
11. S4 

12.60 

13.60 
15.16 

18.28 

23.40 
24.11 
24.87 
25.86 
20.83 
28.20 

30.00 

32.40 
36.15 

43.60 
44.89 
46.38 

48.00 

50.00 

52.60 

55.75 

60.33 

67.50 

81.00 


DCP (Ihs) 

1 

mV (Cals) 

1 

Body 

wl. 

(kg) 

4 

4 

TDN 

(gmsl 

DCP (gms) 

TDN (Cals) 

* Per 
animal 

Per 

1000 

lbs 

Per 

animal 

Per 

lb 

Kgs. 

per 

animal 

Gms. 

per 

kg. 

Per 

animal 

Per 

kg- 

Per 

animal 

Per 

kg. 

1.16 

.580 

20300 

10.2 

1000 

5.45 

5.45 

564 

.564 

21800 

21.8 

1.12 

.589 

19500 

10.3 

900 

5.05 

5.61 

524 

.582 

20200 

22.4 

1.07 

.595 

18800 

10.4 

850 

4.85 

5.71 

504 

.593 

19400 

22.8 

1.03 

. 606 

ISOOO 

10.6 

800 

4.63 

5.79 

480 

.600 

18500 

23 

.9SS 

.617 

17300 

10.8 

750 

4.43 

5.91 

460 

.613 

17700 

23.6 

.941 

.627 

1 6500 

11.0 

700 

4.23 

6.04 

436 

.623 

16900 

24.1 

.S94 

.630 

15600 

11.1 

650 

3.97 

6.11 

412 

.634 

15900 

24.5 

.S48 

. 652 

14S00 

11.4 

600 

3.77 

6.28 

390 

.650 

15100 

25.2 

.SOI 

. 667 

14000 

11.7 

550 

3.53 

6.42 

366 

.665 

14100 

25.6 

.750 

.6S2 

13100 

11.9 

500 

3.27 

6.54 

341 

.682 

13100 

26.2 

. 099 

.699 

12200 

12.2 

450 

3.05 

6.78 

316 

.702 

12200 

27.1 

.648 

.720 

11300 

12.5 

400 

2.80 

7.00 

290 

.725 

11200 

28.0 

.594 

.743 

10400 

13.0 

350 

2.53 

7.23 

263 

.751 

10100 

28.9 

.539 

.770 

9440 

13.5 

300 

2.26 

7.53 

235 

.783 

9050 

30.2 

.480 ! 

.SCO 

8430 

14.1 

250 

1.99 

7.96 

206 

.824 

7950 

31.8 

.422 

.844 

7375 

14.7 

200 

1.69 

8.45 

175 

.875 

6750 

33.7 

.359 

.897 

6270 

15.7 

150 

1.36 

9.07 

142 

.947 

5450 

1 

' 36.3 

.325 

.929 

5690 

16.3 

125 

1.20 

9.60 

128 

1.02 

4790 

: 38.3 

.291 

.970 

5070 

16.9 

100 

1.02 

10.2 

105 

1.05 

4070 

■ 40.7 

.254 

1.02 

4440 

1 

17.8 

90 

.943 

10.5 

97.6 

; 1.08 

3770 

41.9 

.216 

1.08 

3790 

18.9 

80 

.863 

10.8 

89.6 

1.12 

3450 

43.1 

.175 

1.17 

3060 

20.4 

70 

.783 

11.2 

81.2 

1.16 

3130 

44.7 

.153 

1.22 

2680 

21.4 

60 

.700 

11.7 

72.4 

1.21 

2800 

46.7 

.130 

1.30 

2283 

22.8 

50 

.613 

12.3 

6l6 

1.27 

2450 

49.0 

.106 

1.41 

1850 

24.1 

40 

.523 

13.1 

54.0 

1.35 

2090 

52.3 

.0785 

1.57 

1370 

27.4 

30 

■ .423 

14.1 

43.6 

1.45 

1690 

56.3 

.0473 

1.89 

82S 

33.1 

20 

.313 

15.7 

32.5 

1.63 

1250 

62.5 

.0243 

2.43 

424 

42.4 

10 

.189 

18.9 

19.6 

1.96 

755 

75.5 

.0225 

2.50 

393 

43.7 

9 

.175 

19.4 

18.2 

2.02 

700 

77.8 

.0206 

2.57 

361 

45.1 

8 

.161 

20.1 

16.7 

2.09 

645 

80.6 

.0191 

2.73 

328 

46.9 

7 

.146 

20.9 

15.1 

2.16 

585 

83.6 

.0167 

2.78 

292 

4S.7 

6 

.130 

21.7 

13.0 

2.25 

520 

86.7 

.0146 

2.92 

255 

51.0 

5 

.114 

22.8 

11.8 

2.36 

457 

91.4 

.0124 

3.10 

217 

54.3 

4 

.0970 

24.3 

10.0 

2.50 

388 

97.0 

.0101 

3.37 

176 

58.7 

3 

.0787 

26.2 

8.16 

2.72 

315 

105 

.00751 

) 3.75 

131 

65.5 

0 

.0585 

29.3 

6.04 

3.02 

234 

117 

,004.53 4.53 

79. C 

79.0 

1 

.0353 

35.3 

3.65 

3.65 

141 

141 

.00418 4.04 

73.2 81.3 

.9 

.0327 

36.3 

3.38 

3.75 

131 

145 

.00384 4.80 

67.5 

1 84.0 

.8 

.0300 

1 37.5 

3.10 

3.87 

120 

150 

.00348 4.97 

60.9 87.0 

m 

. 1 

.0273 

. 39.0 

2.82 

4.03 

109 

156 

.0031 

1 5. IS 

54.4 90.7 

.6 

.0243 

: 40.5 

2.52 

4.20 

97.0 

162 

.0027 

3 5.46 

47. ( 

5 95.2 

.5 

.0213 

1 42.6 

2.20 

4.40 

85.0 

170 

.00232 5.80 

40.- 

1 100.1 

.4 

.0181 

45.3 

1.87 

4.67 

72.5 

181 

.00187 C.23 

32. J 

i 109.3 

.3 

.oue 

i 48.7 

1.52 

5.07 

58.5 

195 

,00139 6.95 

24. J 

S 122.5 

.2 

.010£ 

) 54.5 

1.13 

5.65 

43.5 

217 

.00084 8.40 

14.: 

r 147.0 

.1 

.006; 

i 65.0 

.068 

1 6.80 

26.0 

260 


• Computed from equation Y = in whieh Y represents TDN (total digestible nutrients per day - 

digestible crude protein + digestible carbohydrates + digestible fat X 2.25K or DCI> (digestible 
per day = N X 6.25) for body weight M. and from the assumptions that TDN energy (4 Cal. per gram or 1812 
Cal per pound) is twice basal-metabolism energy, and DCP is four times the DCP equ.yalent of endogenous 
urinary nUrogen. (The nutritive ratios are thus always 1:8.7 or what is the same, 10.34% of the total calories, or 

of the TDN, is in the form of protein.) 
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other curves are based on the assumption that 


maintenance varies with 


with simple body weight. 


Fig. 15.4 compares our proposed standard 


Tabic 15.2 


Kstimatod inaiiitenanco cost of chickens 


Live weight 

Maintenance 
feed cost/day 

Live weight > 

1 

Maintenance 
teed cost/day 

Live 

weight 

Maintenance 
feed cost day 

Live 

weight 

Maintenance 
feed cost/day 

(lb) 

(gm) 

(gm) 

(lb) 

(lb) 

(gm) 

(gm) 

(lb) 

(lb) 

(gm) 

i 

(gm) 

(lb) 

(lb) 

(gm) 

(gm) 

(lb) 

1 

4 

113 

9.5 

.021 

23 

1247 

54.6 

.120 

51 

238 1 

87 . 5 

.193 

73 

35 1 5 

: 116 

.256 


227 

15.7 

.035 

3 

1361 

58 . 2 

.128 

51 

1 

2495 

90.6 

.200 

8 

3629 

: 119 

1 

! .262 

i 

340 

21.1 

.047 

3i 

1474 

61.7 


51 

2608 

93 . 4 

.206 

31 

3742 

122 

.269 

1 

454 

26.1 

.058 

35 

1588 

Go 1 

.144 

In 

2722 

96.5' 

.213 

85 

3850 

123 

. 272 

li 

567 

30.7 

.068 

33 

' 1701 

6S.5 

.151 


2835 

99 . 4 

.220 

C3 

3969 

127 

.280 

li 

680 

25.1 

Hm 

4 

1814 

71.8 

.158 

65 

2948 

102 

.226 

9 ' 


130 

.286 

n 

794 

39.3 

.087 

33 

1928 

75.0 

.165 

63 

3062 


.232 

91 

4196' 

132 

.292 

2 

907 

42.3 

.095 

35 

2041 

78.2 

.172 

i 

3175 

108 

.238 

9^ 

4309^ 

135 

.298 

2i 

1021 

47.2 


33 

2155 

81.3 

.179 

73 

3288 

111 

.244 

91 

4473; 

138 

1 

.303 

2i 

1134 


.112 

w 

0 

2268 

84.5 

.186 

75 

3402 

114 

.250 

10 

4536 

140 

.309 



z / 1 /^ r L 3S. 


Fig. 15.3. “Digestible nutrients required for working maintenance 
various live weight, according to 8 dilleront fccMling standards . ( 

from W. L. Gaines , Dairtf Sci., 20, 591 (1987). 


of dairy cows of 
urvos and legend 


for COWS of different weight with Morrison’s 1923 standard, whicli is, of course, 
the standard of Haccker and was also adopted by Savage*, (laines, and others. 
As previously noted, Ilaecker, on the basis of one ol the best and best 
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known investigations in this field, proposed a maintenance feeding standard 
of 7.925 lbs— 8.0 lbs in round numbers— TDAT per 1000 lbs live weight of 
dairj' cow, regardless of the weight of the cow and this value was adopted by 
Savage, Morrison (1923 ed.) and Gaines. This value, 8.0, arrived at by ob- 
serving maintenance needs of non-laclaling cows, is somewhat below our value, 
8.2, arrived at by the algebraic-partition method for 243 lactating cows de- 


BODY WEIGhT, WLOGItAMS 



BODY WEIGni KDUNDS 

Fig. 15.4. Comparison of the 1923 ^Iorrison feeding standard (also of Haecker, and of 
Savage) with our proposed (Missouri) standard. 


scribed in Chapter 21, and is considerably liigher than our estimated value of 
6.75 in Table 15.1, based on the assumption that the maintenance TDN 
Calories is twice the basal-metabolism of non-lactaling mature animals of 
different species. It is, of course, reasonjilile that lactating animals should 
have a liigher maintenance cost than non-lactating. Our 6.75 yalue^ (Table 
15.1) for a 1000-lb non-lactating animal is almost identical ivith Kellner s 
standard of 6.7 lbs TDN for a 1000-lb cow. (The other maintenance stand- 
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ards, for a 1000-lb cow are, as previouslj^ noted, 8.0 (Haecker, Savage, Gaines, 
Morrison), 7.5 (Eckles), G.7 (Kellner), 6.5 (Armsby), 6.0 (Forbes and Kriss), 
5.9 (Mollgaard), 5.7 (Hansson). * 

It may be observed that our algebraic-partition method (Ch. 21) also gave a TON 
need per pound of FCM (milk containing 4 per cent fat) produced which agrees well with 
other standards. Our partition method allows 0.305 lb TDN per pound FCM; Gaines’ 
standard allows 0.3 ib, which was abbreviated from Haecker’s 0.327; Armsby, 0.285; 
Forbes and Kriss, 0.30; Morrison, 0.307 to 0,324; Mollgaard, 0.302; Hansson, 0.302. 

It is instructive to note in conclusion that records were kept of feed consumption 
of mature chickens of different live weight during 28-day intervals when they were not 
laying eggs.” The results, shown in Fig. 15.5, indicate, to our surprise, that the feed 
consumption increased not with ® as poultrymen generally believe, nor with 
as we expected, nor with as others might expect, but with ir® -^. These unexpected 
results will have to be confirmed before acceptance. 





Fie 15 5 The feed consumption of domestic fowls during non-laying 28-day periods 
incre^ed with, roughly, the lb power of body weight, t.e. increasing body weight by 
100 per cent increased feed consumption by about 50 per cent. 


The partition-equation method employed for evaluation of feed distribution between 
maintenance and egg production (Ch. 23) based on the assumption that feed cost of 
maintenance varies with the 0.73 power of body weight, yields, for maintenance, the 

equation 

Y = 0.301F®” 


in which Y is grams of the chicken feed expended for maintaining body 

W. Table 15.2 gives the computed values for maintenance of chickens of different live 

Titus'" reported that “the gross maintenance requirement of White Leghorn hens, 
16 months old and weighing, on an average, 1632 grams, was estimated as being 64 grams 
(of the special feed mixture) per bird per day during July”. The corresponding main- 
tenance feed requirement for a 1632-grani bird, as indicated in our Table 15,2 is 66.3 

" Brody, S., Funk, E. M and Kempster, H. L Mo. Res. Bull. 278, 1938. 

"Titus, H. W'. Poultry Science, 8, 80 (1928-29). 
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grams, and from the table in Fig. 15.5, 67.2 grams. The three values agree satisfactorily 
among themselves. 

By way of somewhatVulirect substantiation on the way total metabolism varies with 
liody weiglit, data from the literature on egg weight and liody weight are brought to- 
gether in Fig. 15.6. The data ranged from 0.6 gram humming-bird eggs to 1700-gram 
(nearly 4-lb) ostrich eggs. 


BODY WEIGHT, lbs. 



CD 




s 


h ig. 15.6. The relat ion between egg and body weights of different bird species ranging 
in body weight from 113.4 kg (250-pound) ostrich to a 2.S-grn (0.10-oz) humming bird, 
and ranging in egg weight from 1.7 kg (3.75-lb) ostrich to().6-gin (0.02-oz) humming-bird 
Gg^. The (Kiwi) arc not included in the etiuation, fitted to the data l)v the method 
of least s(|uares. With the exception of the data for the c|uail. turkey, goose, and duck, 
which are original (Mo. Res. Hub 278), the data were plotted from Bergt old's compila- 
tion (seetext). The numerical data (first vjdue gm body weight , second, gm egg weight) 
are: Ostrich (113.380-1700); Kmperor Penguin (40,817-4.^) ; Toulouse goose (9072-200.8); 
California vulture (9070-309); Turkey (8172-85); Chinese goose (4536-165.4); Pekin duck 
(3629-94.5); one (lomestic fowl included in general eciuation C2041-72); Runner duck 
(1814-75.6); Kiwi-omi included in equation (1814-11 and 1701-397); guinea hen (1587- 
40); Adelie penguin (j205-130); Ring-neck plieasanl (1020-34); Golden pheasant (624- 
28) ; yellow-billed tropic bird (397-40); long-eared owl (320-23); domestic pigeon (283-14); 
quail (185-9.4) ; Magpie (151-9.6) ; Screech owl (142-16) ; mourning dove (128-11); Meaflow 
lark (113-5.7); Western robin (95-6.0); Kildeer (88-11); Western nighthawk (78-9.9); 
Brewer’s blackbird (74-5.1); Kingbird (45-4.1); C’atbirtl (40-1.7); English sparrow (30- 
2.6); House finch (19-2.3); Broad-tailed luiinming bird (2. 8-0.6). 


Fig. 15.6, based on Bergtold’s compilation,^® and on data on the domestic fowl, quail, 
turkey, duck and g<iose furnished by K. M. Funk of this Station, shows that as between 
different species, egg weights increase witl» the 0.73 power of body weight, at practically 
the same rate as basal metabolism of mature animals <ff different species. This is an 
exceedingly interesting result. The wide scatter of the data should not be disturbing, 


Bergtold, II., “A study of incubation period of birds. What determines their 
length?” The Kendrick-Bellamy Co., Denver, Colorado, 1917. 
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considering the fact that in many eases the body weights were taken from one observer, 
and the eggs from another, ami that a eliange in body weight, due to increase or decrease 
in body fat, does not appreciably affect t!»e egg size. This increase in egg weight with 

rather than with U'* ®, indicates to the writer that the total metabolism parallels 
the basal metabolism, and what is true of egg production is likely to be true of other 
productive processes. A similar result was found (Ch. 22) for milk production in rats, 
goats, cattle, and man. 

Summarizing this chapter, wliile we have reliable data on basal energy and 
endogenous nitrogen (Chs. 13 and 14), we do not have data of comparable 
reliability on the maintenance cost. It appears, however, that the main- 
tenance needs for energy, protein, and dietary catalysts {e.g., thiamine and 
riboflavin) which participate in the general oxidation processes vary in the 
same manner as the basal energy and endogenous nitrogen metabolism, namely 
with approximately 

To be sure some types of metabolism vary directly with simple body weiglit. 
This is true of creatinine, which is a part of the endogenous-nitrogen metab- 
olism varying witli \ yet itself varies with 11'^ in both mature animals of 
different species and in the same animals wlien growing. About 15 mg creati- 
nine are excreted per kilo l)ody weight'** in rats of all weights, and also in cattle 
and man. Likewise, as regards vitamin A, which is needed in proportion to 
IF* ** rather than to IF^’ L The mineral need may bo in proportion to body 
weight. But in general, those processes involving oxidation vary with IF**-^ 
rather than with IF* **. The energy expense of muscular exercise varies in 
proportion to IF* ** rather than to IF**-’ but, in most animals, increase in size 
is associated with decrease in the frequency and rapidity of movements, so 
that perhaps the energy expenditure for spontaneous exerci.se associated with 
a maintenance life varies with IF** ' rather than with ll"*-**. This reasoning, 
that total metabolism varies with basal metabolism or with IF**-^, is in har- 
mony with dimensional analysis (Chs. 10 and 17) and with such observations 
as that milk production (Ch. 22) and egg production (Fig. 15.6) varies with 
IF**-^ rather than with IF*-**, and that the ratio of maximal food-energy intake 
to basal metabolism is independent of the size of the animal. There are ex- 
ceptions in detail, but this appears to be the general rule. 

Ashworth, U. S,, iind Hrodv, S., Mo. Agr. Exp. Sta. Res. Bulls. 181), 190, and 191, 

1933. 



Chapter 16 

Time Relations of Growth of Individuals and Populations 

All motion of natural action is performed in time. F, Bacon 

Everything exists not only in a frame of space but also in a pattern of time. 

G.E. Coghill 

As early as the fifth century B.C., Greek physicians developed a very 
clever method for the study of growth which is employed by scientists down 
to our day. A hen was set upon a number of eggs; each day one of these eggs 
was opened and the changes that took place could be observed. H. E. 
Sigerist 

16,1: Introduction and definitions. The use of isotopes in the study of 
metabolic processes has shown that, perhaps, all constituents of the living cell 
are involved in continuous chemical reactions, continuous breaking down and 
liuilding up- -catabolism and anabolism. It is only the pattern, the life whirl- 
pool, that endures. Biologic synthesis, that is, the interaction of exogenous 
material (food) in the formation of new chemical-morphological units, thus 
occurs not onl}' during the period conventionally designated as growth, but 
throughout the entire life cycleb 

The occurrence of widespread synthesis throughout life may also be ob- 
served without refined metabolic studies. Thus blood cells and epidermis 
have long been known to undergo rapid destruction and renewal; there is a 
continuous need for growth catalj^sts (hormones, vitamins, etc.) and structural 
materials (amino acids, minerals) to compensate for the continuous losses, 
breaking down, or catabolism, of the body. These constructive processes 
are more dramatic during periods following starvation and injuiy, especially 
regeneration of limbs in lower forms of life. 

The most spectacular type of directed biosynthesis is, of course, grow’th 
and development, especially during embrjmnic life. Everyone has been 
impressed by the miraculous transformation of the sticky white and yellow 
mass of hen's egg into a fully dressed, befeathered, respectable chick, all in 
21 da 3 "s. The original egg cell must have travelled at a dizzy pace to build 
up so complex a mechanism — probably exceeding in complexity the astronomi- 
cal wondei*s with their galaxies and supergalaxies. 

^ Schoenheimer, Rudolph, Physiol. Rev.^ 20, 218 (1940); Growth^ Second Supplement, 
p. 27 (1940); “Dynamic state of body constituents,” Harvard University Press, 1942 (ed. 
by H. T. Clarke). 
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Growth as thus defined is inseparable from inctabolisin, and the several chapters in 
this book are merely different aspects of essentially the same problem, metabolism- 
growth. Thus Chapter 6 is concerned witli enzymes in metabolism, in biologic synthe- 
sis; Chapter 7, with hormones; Chapters 13 to 15, with “maintenance’^ catabolism; 



Fig. 16.1. Photograph.s (X 135) of rabbit eggs during 4 days after fertilization. A, 
1-cell stage with 2 polar Ijodies; H, two primary bhtstomere.s, about 25 hmirs after; (\ 
4-ccll stage 20 hours after copulation; \) and K, 6-celI and 8-cell stage.s 32 hours; F. 32- 
cell morula 55 hours; (;, morula 70 liours; 11, trophoblast cells, 71 hours; I, tluid collec- 
tions in the forthcoming segmentation cavity 77 hours; J, segmentation cavity 90 hours; 
K, inner-cell mass tlattfuiing into germ-disk 92 hours, hrom I*. \\ . (iregory [IMate I, 
Carnegie Inst. Witsh., 21 . 407 (1930)1, arrangeti by C. L. Streeter [Sci. Montldy, 32 , 498 


( 1931 )|. 
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C'hapter 20, witli gt'iieral nutritionul aspects, and so on. Tins chapter is concerned with 
the (letinitions and time ndations of average development and growth in weight of the 
body as a whole. 

Development refers to the directive coordination of t he diverse processes into an adult — 
into an “organized heterogeneity” (Xeedliam). Some types of growth are not develop- 
mental: Teratomata are jumbles of hair, teeth, nerve, etc. Cancerous growth, like 
growth of tissue cultures in vitro-y is without directive significance outside of self-mul- 
tiplication. 

Growth is biologic synthesis, production of new biochemical units. It is the aspect 
of development concerned with iimreasc in living substance or protoplasm, and includes 
one or all of three processes; (1) cell multiplication, (2) cell enlargement, (3) incorpora- 



TIME AFTER COPULATION (HOURS) 

Fig. 16.2. Increase in cell number of tubal ova in several species, modified from Fig. 
29, p. 89, “The Eggs of Mammals,” Gregory Pinciis, Macmillan Co., “Experimental 
Biology Series,” New York, 1936, from data bv Gregory (rabbit), Carnegie Inst. Wash., 
Contrib. EmbryoL, 21. 141 (1930), and Pincus, G., Proc. Roy, Soc.y 107. 132 (1930); Lewis, 
W. H., and Wright, E. S., (mouse) Carnegie Inst. Wash., Contrib. Embryol.y 26, 113 
(1935); Lewis, W. H., and Hartman, C. G., (monkey) Id., 24, 187 (1933); Heuser, C. H., 
and Streeter, G. L., (pig) Id., 20, 1 (1929) ; Gilchrist, F., and Pincus, G., (rat) Anat. Rec., 
54, 275 (1932). 

tion of material taken from the environment. The cleavage of the egg into daughter 
cells is growth by cell multiplication, not by cell enlargement nor by incorporation of 
material from the outside. Blood corpuscles, monocytes, hair-follicle cells, and ecto- 
derm cells always grow by cell multiplication. Nervous tissue and skeletal-muscle 
tissue grow by cell enlargement, not by cell division. The inclusion of non-protoplasmic 
substances, ’such as fat, blood plasma, cartilage, etc., is an increase by incorporation of 


* C/. Lewis, W, H., “Symposium on Development and Growth,” First Supplement to 
Growth (1939). 
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material from the environment, involving neither cell multiplication nor cell enlarge- 
ment. Such increase is not regarded as “true” growth. Yet operationally, from the 
standpoint of quantitative mcasuremenf of growth of the organism as a whole, we must 
consider these non-protoplasniic inclusions — if they are irreversible — as parts of the 
growth process. 
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^ Fig. 16.3 a, b. Domestic fowl’s egg and its development, from A. L. Romanoff. Cornell 
Exp. Bull. 205, 1931 and 1936. Beginning of alimentary tract, 18 hours; vertebral col- 
umn, 20 hours; nervous system, 21 hours; head, 22 hours; blood island-vitellin circula- 
tion, 23 hours; eye, 24 hours; ear, 25 hours; heart beat, 42 hours; amnion, 50 hours; legs 
and wings 63 hours; allantois, 70 hours; reproductive organs, 5th day; feathers, 8th day; 
beak turns toward air cells, 17th day; yolk sac begins to enter body cavity, 19th day; 
yolk sac completely drawn into body cavity, 20th day; hatching of chick, 21st day. 


The knowledge of the mechanism whereby the protoplasmic mass increases is in its 
initial stages of investigation® is not understood. 


® For literature see Gulick, A., Growth, 3, 241 (1939) ; Advances in Enzymotogy, 4 (1944). 
Bergman, M., Chem. Rev., 22, 423 (1938). Wrinch, Dorothy, Pro/op/o^ma, 25, -550 (1936); 
Proc. Roy. Soc., 161A, 505 (1937). Mark, H., A^a^ure, 140, 8 (1937). See also many papers 
by F. S. Hammett in Growth indicating the functions of various amino acids and other 
substances in growth of the hydroid obelia; Schoenheimer,* and Supplements 2, 3, and 4 
(1940-42) to Growth. 
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DiSereniialion (cytogenesis, histogenesis) is transformation of inotlicr ceil, sucii as 
egg cell, into differerit kinds of daughter cells— brain cells, kidney cells, liver cells, etc. 
This process is irreversible. Egg cells are transformed to liver cells, but liver cells 
cannot be transformed into egg cells. There is a running down of growth potentialities 
with increasing differentiation in the individual, analogous to running down of free 
energy in the larger universe (Ch. 2). 

Morphogenesis (organogenesis), another aspect of development, refers to the organiza- 
tion of the various cells into special organs of definite form, and the organization of the 
organ-systems into the body as a whole. 



Needham^ subdivides growth into: (1) cell multiplication, (2) intussusception, or 
increase in size of cells, and (3) accretion or increase in amount of non-living structural 
matter; differentiation into: (1) increase in number of kinds of cells, and (2) increase in 
morphologicftl heterogeneity; metabolism into: (1) respinition (oxidation), (2) fermenta- 
tion or glycolysis, (3) catabolism of protein, (4) catabolism of fat, (5) chemical activity, 

as pigment-formation, glyeogen synthesis, etc. ^ . 

Other authors have other sehomes of classifications. We defined development to 

include growth; Hammett defined growth to include development— growth is the co- 


* Needham, J., Biol. Rev., 8, 180 (1933). 
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ordinated expression of incremental and developmental factors and functions^. In this 
chapter, concerned not with growth mechanisms but with time relations, growth is 
defined operationally by increase in weight. 

The bird’s egg is deceptively large because of its “cleidoic” nature®, its yolk and al- 
bumen stores and related ‘^redundant structures”, such as air chambers for the nutrition 
of the embryo. In contrast, the mammalian egg is a minute speck. The mammalian 
egg, first observed in 1827‘in the dog', appears to be nearly independent of the size of the 
mature animal. It ranges® from about 70 to 85 m (m is i Au millimeter) in rodents (mice, 
rats, guinea pigs) to about 140ju in dogs, horses, sheep, goats, pigs, whales, and primates, 
including man. In other words, the egg of mouse, man, or whale is of practically the 
same size, about A millimeter in diameter. Yet, a given egg grows, differentiates, and 
develops into chick, mouse, man, or whale and goes through life according to its respec- 
tive inherited pattern. 




Fig. 16.5. Comparison of growth of populations and of individuals. For data and 
sources see R. Pearl, “The Biology of Population Growth,” A. Knopf, N. Y., 1925. 


The general appearance and cleavage of the egg of cow, pig, cat, muskrat, monkey, 
and man are similar®- as exemplified by Fig. 16.1 from Gregory*® and Fig. 16.2 from 
various sources compiled by Pincus**. 

® Hammeft, F. S., “Nature of Growth,” 1936; also many articles in Growth. 

® Needham, J., Chemical Embryology, p. 1615. 

^ Von Baer, K. E., “Uber Entwicklungsgeschichte der Tiere,” 1828. 

* Hartman, C. G., Quart. Rev. Biol., 4, 373 (1929). • 

® Streeter, G. L., Sci. Monthly, 32 , 495 (1931). 

*® For motion-picture photography of the egg and daughter cells, see Lewis, W. H., 
and Gregory, P. W., Science, 69, 226 (1929); Lewis, Anal. Rec., 48, 52 (1931); 

P. W., Carnegie Institution of Washington, Contributions to Embryologyy 21, 141 (1930); 
Squier, R. R., Id., 23. 225 (1932); Lewis and Hartman, C. G., Id., 24, 187 ( 1933 ) ; Lews 
and Wright, E. S., Id., 25, 113 (1935). 

** Pincus, G., “The eggs of mammals,” Macmillan Co., 1936. 
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Under great magnification the fertilized mammal’s egg is seen to contain particles in 
motion, in agitation, eventuating in cleavage of the egg cell into two daughter cells. 
In this division, as in perhaps the following 3 or 4 cleavages, tliere is no increase in the 
mass as a whole, but only subdivisions of the cells. 

This basic process of division of one cell into two, the nature of which is not under- 
stood, is one of the most distinguishing characteristics of living organisms. An even 
more remarkable example of division, inexplicable by known physical forces, is the pro- 
duction and expulsion of polar bodies by the unfertilized egg in preparation for the re- 
ception of the sperm’s contribution to tlie zygotc^^. This “anticipation” of future de- 
velopmental needs of both the individual and the race sets living processes apart from 
non-living. Similarly, other structures develop in anticipation of~and long before— 
the time when they will be called upon to function in the service of the organism as a 

whole (Ch. 10). 
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Fig. 16.6. Equivalent growth curves of ruts, yeast populations, maize plant, oat plant, 
and a squash. 

There is no pronounced increase in tlie size of tl)e mass in tlie first few cleavages of 
the fertilized egg, but there is increasingly pronounced differentiation so that at the 16- 
cell stage the trophoblasts, the cells destined to furnish the fetal membrane, and the 
structures of implantation of the egg on the maternal tissue, become distinctive. The 
trophoblast cells divide more rapidly and are, therefore, smaller than the other cells. 

■ Next most conspicuous is the formation of the fluid-distended vesicle, the blaslocysl 
(Fig 16 1) and cupping into a hollow sphere. Fluid collects within this sphere, perhaps 
through the secretory activity of the trophoblast cells, and the cell mass, for the first 

time, enlarges by the accumulation of fluids. 

The outstanding feature of the “growth” of the blastocyst is the absorption of tre- 
mendous quantities of water. Davenport-’ estimated that after six weeks the human 

*• Zygote the “yoked” first cell of the body, the union of male and female germ cells, 

or gametes, carriers of the genes or hereditary deterininers. 

Davenport, C. B., “How we came by our bodies, New York, 1936. 
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egg is nearly 500,000 times its initial weight, weighing about a gram, the increase in 
weight being 98 per cent water. Water is economical for growth and gives plenty of 
‘*elbow room” for the developmental processes; it is the solvent and carrier of nutrients 
and wastes, and there must be plenty of it prior to the development of the circulatory 
system. 

The blastocyst forms the embryonic envelope and establishes contact'for the inter- 
change of fluids between embryo and mother. After the attachment of the egg, the 
inner cells begin segmentation and differentiation to form the embryo and the amniotic 
and yolk-sac vesicles form. The two vesicles flatten against each other and, together 
with the cells between them (mesoblast cells), form a three-layered germ disk which 
forms the embryo. The remainder is, like the trophoblast, accessory and temporary. 
The germ disk is formed in man about the third week. 



etlt-t*) $ca!c 

Fig. 16.7. Weight-growth equivalence of farm animals, laboratory animals, and man. 

The cupping in of the amniotic and yolk-sac vesicles to form the germ disk is me- 
chanically somewhat analogous to the cupping in of the two walls of a hollow rubber 
ball, and is in a way characteristic of the successive infoldings during organ formation. 

The layers interact in the production of new kinds of cells, the segregation and differ- 
entiation of which eventuate in organ formation (Fig. 16.3). In man, the external fea- 
tures of the embryo are easily recognizable as distinctively human by the latter part of 
the second month. Eyes, mouth region, and limb buds may be recognized by the fourth 
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week in man» and the organs are formed by the third month. In other words, the 
“ground plan” is laid very early in life and rounded out later through enlargement and 
remodeling of the parts. Age changes in shape are due to differences in growth rates of 
the constituent parts (Ch. 17). 

There is an orderly sequence, or gradient^*, in organ formation. The head has prece- 
dence in development over the tail end, and so on in cephalochordal sequence for the 
other organs. The sequences may be associated with organizer and hormone action 

(Cli.7). 



AQO 

Fig. 16.8. Comparison of weight gain and specific mortality in children. 


With these brief definitions and introduction we proceed with our major 
problem, an analysis of the time relations of growth in weight. 

Many of our gigantic industrial organizations are extiemely complex, no 
one can know' all their details. Yet accountants, quite ignoiant of these 
details, render intelligible and useful corporate statements, likewise, the 


Of Child C M “Individuality in organisms,” Univ. Chicago 1 ress, 1915. 

“ 0;’Bertaknffy L. V , “Theoretische Biologic, Berlin,” 1932; also Roux Arch,, 131, 
613 (1934), and Human Biology, 10, 181 (1938). 
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animal body is extremely complex; no one can know all its details. Yet, 
as we shall show in this chapter, the time relations of growth can be repre- 
sented by intelligible, useful, and rational statements or “laws’" of growth. 



Fig. 16.9. The relation between the percent- 
age growth rate computed by the instantaneous 
logarithmic and by the finite arithmetic method. 
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It may be recalled in this connection, tliat some of the great laws of the 
physical sciences, such as NewtonV law (»f gravitation, say nothing about 
detailed mechanisms involved; they are only intelligible, useful, and more or 
less rational descriptive statements of the phenomenon. There is, of course, 
a wide range in rationality in many so-called “laws” of nature. We hope 
that the following growth equations partake more of laws of nature and less 
of tlie accountant’s purely empirical rendering of a financial statement. 



Fig. 16.10. Growth of the white rat between 13 days after conception and 10 days after 
birth, plotted on arithlog and on arithmetic coordinate paper. 

16.2 : The shape of the age curve of growth of individuals and populations 

There is no bound to prolific nature in plants and animals but what is 
made by their crowding and interfering with ojich other s means of sub- 
Bistcncc. T. It. Malthas (1798) 
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Fig. 16.5 represents age curves of growth of poptilaiioiis of yeast and flies, 
and of individual pumpkins and rats. They all have the same s-like shape. 
Indeed, all these curves may be made to coincide, as sho^vn in Fig. 16.6. 

Fig. 16.7 demonstrates the close similarity between the age curves of dif- 
ferent animal species. The human age curve, however, differs from the 
others in having a very long juvenile period, a long interval between weaning 
and puberty (approximately 3 to 13 years); this period is almost absent in 
laboratory and farm animals. In these animals, weaning merges into ado- 
lescence without the intervention of the juvenile phase found in man. T^ 
unique!}^ long juvenile period in man should be of particular interest to stu- 
dents of education.^® 



Fig. 16.11. The true percentage growth rate of three sets of rats during the first ten 
days of postnatal life. 

The general similarity betw'een the curves of growth of individuals and of 
populations is not surprising, since ultimately both are collections of in- 
dividuals. Our bodies are made of cells, and our bodies, in turn, are cells in 
the social body. Individuals are organisms and also units of a larger organ- 
ism, an epiorganism (Sect. 10.9). 

' w C/. Fiske, John, in “The Meaning of Infancy”; Boston, 1883: “If there is &ny one 
thing in which the human race is signally distinguished from other mammals, it is the 
enormous duration of their infancy . . . this period of helplessness ... is a period of pl®^' 
ticity ... a door through which the capacity for progress can enter . . . power to modify 

. . . inherited tendencies.” 
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It may be seen from Fig. 16.4 that the age curve of growth may be divided 
into two principal segments, the fii-st of increasing slope, which may be desig- 
nated as the self -accelerating phase of growth ^ and the second of decreasing 
slope, which may be designated as the self -inhibiting phase of growth. 

The general shape of the age curve may thus be said to be determined by 
two opposing forces: a growth-accelerating force and a growth-retarding force. 



Fig. 16.12. Postnatal growth of rat to the pubertal inflection 

The former manifests itself in the tendency of the reproducing units to re- 
produce at a constant percentage rate indefinitely ^ when permitted to do so. In 
the absence of inhibiting forces, the number of new individuals produced per 
unit time is always proportional to the number of reproducing units. That 
is, the percentage growth rate tends to remain constant. The potentially 
infinite growth ability and conseciuent immortalit\ of somatic cells was 
established by Leo Loeb^^ by in vivo experiments with cancer tissue (trans- 

” Loeb, L., /. Med. Res., 6, 28 (1901), and Gen. Physiol, 8, 417 (1926). 
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plantation ot the cancer tissue to successive ^generations of animals), and veri- 
fied by C arreP® by in vitro experiments with normal connective and other 
tissues, by cultivating tissue cells in vitro under conditions of continuous 
irrigation, thus pre^'enting change in envii*onment which would result in the 
development of growth-inhibiting forces. 

But there comes a time, marked especially by the inflection in the growth 
curve, when the increase in the population tends to be proportional not to the 
number of reproducing individuals in the population but to the available 
resources necessary for growth; the i*esources may be in the form of space, 





Fig. 16.13. Illustration of the discontinuous nature of the growth process by the daily 
weight increments, and tiie fit of the equation (16.6) to the increment curves. 

food, freedom from the encroaching by-product of growth, as lactic acid in 
the case of growth of lactic acid bacteria in milk. It is the environment — or 
the growth-inhibiting force in the environment — which exerts the limiting 
influence on growth after the inflection in the curve. 

And so, with the passage of time, the growth-inhibiting force or forces 
develop, counteracting and finally bringing the growth process to a virtual 
standstill. 

4 

Carrel, A., J. Exp. Med.j 38, 521 (1933). Carrel and P^beling, A. H., /d., 34, 317 
and 599 (1921). 
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The inflection in the ago curve (Figs. 1(3.4 to 10.8 and 10.13) represents the 
position at which the increase in growth velocity ceases, and the decrease in 
velocity has not yet begun; therefore, the inflection represents the position 
at which gains are most rapid, and ])erhaps most economical (Figs. 10.4 
and 16.8). 

At the point of inflection the cIuvkjv in the time rate of growth (t.c., in 
acceleration) is the same in all animals or poi)ulations (the numerical value 
of the acceleration at this time is zero). This is, therefore, a point of geo- 
metric and physiologic age equivalence. There is at least one physiological 



Fig. 16.14. The pereontagc rate of growlli of lactic-acid bacteria is constant until 
pH 4.73 is reached. The acid increases at 47 per cent per hour, or is doubled in ^ ~ = 
1.5 hours. 

I 

stage through which all animals seem to pass at this time, f.c., puheity. thus 
in Fig. 10.4 the inflection in the curve of the female rat occurs at about 65 
(lays (80 days after conception), and this is the usual age at uhich the vagina 
opens. In children the inflection occurs between 12 and 15 years, the age of 

puberty. 
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A third fact relating to children, and possibl}" to animals also, is that the 
curve of specific mortality (f.c., the ratio of the number dying to the number 
living of the same age) passes through a minimum at approximately the same 
age as the growth curve passes through its inflection. This is sho^vn in Fig. 
16.8. The specific mortality decreases to this age, and increases thereafter. 
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Fig. 16.15. Growth of B. coli at 37°C. in a given volume of broth (Exp. 7, McKendrick 
and Pai, Proc. Roy. Soc. Edinburgh^ 31, 649 (1911)]. As k = 1.85, growth was at 185 per 

0 693 

cent an hour; the population is doubled in = 6.37 hour, or 22.2 minutes. 


The point of inflection, then indicates: (1) the time of maximum velocity 
of growth (transition from increasing to decreasing growth velocity); (2) 
the age of puberty; (3) the lowest specific mortality, the beginning of the 
period of increasing specific mortality; and (4) a geometric referent for the 
determination of equivalence of age in different animals (and also equivalence 
of age in the growth of populations). The point of inflection is thus an im- 
portant growth constant. Figs. 16.7 and 16.8 show that the inflection in 
man occurs at the age of about 14, which corresponds on the axis of ordinates 
to somewhat over 60 per cent of the mature weight. In chimpanzees the 
inflection (at age seven years) occui’S at slightly below 60 per cent of the mature 
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bod}^ weight.*® In laboratory and farm animals (Fig. 1C.7), on the other hand, 
the inflection takes place when about 30 per cent of the mature weight is 
reached, corresponding to about six months in cattle, or two months in sheep. 

Summarizing, the shape of all age curves of growth, whether of individuals 
or populations, is sigmoid; the early phase is of rising slope and the later 


d 






■ — 

d 

■1 


8 

■ 

■ 

88 

■ 

HI 

■I 

■ 

■ 

■ 

— 1 




■ 

rI 

a 

■ 


■ 

■ 

■1 

■ 


iB 

■ 


li 


■ 

■ 

! 

■ 

i 

■ 




■ 

n 




■' 

■ 

■ 

s 

■I 

■ 

■ 



■ 


n 

■ 

■ 

■ 


8 



■ 

■ 




■ 





■1 

■ 



1 

1 



■ 

i 

■ 

■ 

1 




u 

R 



1 

■ 

HB 

■ 

1 



i 



■ 


i 

I 

8 

E 

8 

■ 




fi 




1 



■ 

B 


■ 






8 

E 

■ 


■ 


■ 

1 

a 





— 

=1 








■ 



■ 

■ 

8 


■ 


8 


a 



1 


1 

— 









■ 

■ 

i 

■ 


■ 


M 


a 














1 


■ 

■ 

i 

■ 


8 

WA 


a 



■ 



■ 





;■ 


■ 

■ 


■ 

■ 

■ 

■ 


8 

m 

m 


a 



8 

■ 

■ 

■ 





■ 


■ 

■ 


■ 

■ 

■ 

1 



■ 

■ 


8 



IB 

■ 


■ 





■ 


■ 

■ 

1 

■ 

■ 

H 

a 


■ 

■ 

■ 


a 



a 

u 

■ 

■ 






B 


m 


m 

■ 


m 

■ 

■ 


a 



L_ 

tz 


46 


40 


32 


24 


Id 


a 


Fie 16 16 Growth of the human population inthe North American Colonies and in the 
United States, k = .029; the population increased at 2.9 per cent per year, doubled 

itself in = 24 years. (From data in “A century of population growth in the United 

States” by^V. S. Rossiter, Bureau of the Census, United States Department of Com- 
merce and Labor, Washington, 1909). 

phase of declining slope. The junction between the two pha-ses occurs dv.ring 
puberty in animals, flowering in plants, and coming of age in populations, 
when, because of the back pressure of the environment, tbe reproductive-rate 
declines or the excess population sets out on migrations, such as the dramatic 

migration of the lemming to the sea. 

” Grether, W. F., and Yerkes, R. M-, 27, 181 (1940). 
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16.3 : Definitions and quantitative representations of growth rates 

If nature were our bunker, she woukl not add the interest to the principal 
every year; rather would tiie interest be added to the capital continuously 
from moment to moment. ]V. Mellor 


For puiposps of qminliiaiivv analysis, growth may be defined as relatively 
irreversible time ehange in magnitude of the measin*ed dimension or function. 



Fig. 16.17. 'I'he percentage rates (lOOA) of growth of tlic albino rat plotted against 
age. These are, of course, comjnited values, computed by the graphic method explained 
in the text. The curve illustrates in a striking manner the discontinuous nature of the 
growth process. 


The concept of irreversibility is emphasized to exclude fluctuating time changes 
of a fortuitous nature, such as those occasioned by fluctuating food suppl}'' 
Avith consequent fattening and leaning, Avith gestation, lactation, and so on. 

GroAvth in Aveight is usually represented in one or all of the three Avays shoAtm 
in Fig. 16.4: (1) absolute gain in the giA^n magnitude per unit time; (2) 
relative rate (or percentage AA’hen multiplied by 100) gain per unit time; (3) 
cumulative, or course-of-groAvth Aveight up to, or the Aveight at, a given time. 
All these forms of representation may be made in conventional mathematical 
terminology. 
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Thus the absolute p:ain in I lie observotl-\vei^>:ht dirforonco, IT^ — ITi, for the 
corresponding time ditloroneo, ('2 — /|. may be represented by the e(|uation 


« 1 11 it . b’> - U’l larger weight less smaller weight^ 

Average growl li rale = = 


/•. - / 


hirger time less smaller time 


(I) 


GmSi 



Incubation Age 


Fig. 16.18a. Carbon dioxide excretion in (he cliick embryo. From 0 lo 4 days the 
rate of increase is 98 per cent per day (doubled once in 0.7 day or in 17 hours) ; between 
4 and 14 days, the rate is 31 per cent per day (doubled in 2.2 days). The pause in the 
curve coincides with the maximum in the morlalily <*iirve (Fig. 16.20), and with the 
change in the mode of respiration (see text). 


Equation (1) represents avcraffc absolute growth rate, in contrast to (rue 
growth rate applicable to extremely short intervals of time only. If a Hol- 
stein cow weighs 1000 pounds at age 1000 da\s from conception, she gained 
on Ihe average one pound a day ; but there was no day wlien she actually gained 

“C/. Hayes, F, IC, and Armstrong, F. II., Can. J. Res,, 21, 23 (1943). 



504 


BIOENERGETICS AND GROWTH 


exactly one pound. To cite extreme illustrations, at the end of the first week 
after conception, she gained only about 0.0001 pound a da}^; at 5 months after 
birth, 2 pounds a day; at 1000 days, only one-fourth a day. Thus the concept 
of average rate^ when applied to growth, is an abstraction, and when the 
average extends over a considerable period of time, as in the example cited, 
it gives no idea of the actual rate at any given age. The shorter the interval 
of time for which the average is computed, the more nearly does it approach 



Fig. 16.18b. Nitrogen storage in the silk worm, from data by Luciani and Lo Monaco. 
The nitrogen curve of the silk worm embryo is similar to the CO 2 excretion curve of the 
chick embryo. 


the true value; and when reduced to an interval, di, so short that there is no 
time for the velocity of growth to change, the true growth rate, dW/dty is 
obtained. True growth rate is then instantaneous growth rate, dW/dt, 
Similarly, reZa//re (or when multiplied by 100, percentage) growth rate is con- 
ventionally represented by the weight gain during a given time interval 
divided by the weight of the organism, Wi, at the beginning of the time in- 
terval : 


Average relative growth rate, R — 


Wt - Wi 

Wi 


* 


( 2 ) 
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Here again we have not true or instantaneous growth rate, but the conventional 
(Minot s) giowth late. Ihe conventional and true percentage growth rates 
are nearly identical when the weight gain, Wi — IFi, is very small in com- 
parison to the weight of the organism. But when the weight gain is relatively 



Fig. 16.19. Carbon dioxide excretion in the chick embryo, from three sources. The 
percentage rates were obtained by subtracting the natural logarithms of the successive 
values, and multiplying the result by 100. The fluctuations between 4 and 14 days are 
slight and there is no systematic change in the rate. 

large compared with the body weight, the conventional growth rate computed 
from equation (2) may be misleadingly exaggerated, because the weight at the 
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beginning of the time interval, ITi. existed a relatively long time ago, not 
nl the time of observation. Thus the computed percentage growth rate of the 
population in this country would be enormously exaggerated if the population 
gain from 1000 to 1940 were related to the population size in 16C6. The 
|)opulation gain during 1940 must be related to the population size during 
1940, not during iOOO. Likewise, the relative growth rate of an animal at 
a given age must properly be related to the body size ai the given age, not the 
l>ody size, ll'i, of some earlier age, U. 

Another objection to Minot’s equation (2) for computing percentage rate 
is its failure to recognize that the physiologic significance of a physical unit 
of time, such as a day, changes rapidly with age. The growth rates com- 
puted by ecpuition (2) are for continuously decreasing physiological time 
intor\'als, even though they are for constant astronomic or physical time in- 
tervals. The use of instantaneous rates eliminates the discrepancy between 
physiologic and physical t\n\e ((4i. 19). 



I'ig. 10.20. IVrcenI ago moi t ality in the chick embryo. Circles represent embryos in 
an incubator; crosses, incubation under hens. The first peak in the mortality curve cor- 
responds to tlie peak in concentration of lactic aci<i a.s reported by Tomita. The second 
j.eak in the mortality curve coincides appro.ximalely with the pause in the growth curves. 


A more aj^propriale denominator would be the average weight of the organ- 
iMii during the time of observation. Thus if the weights of the organism 
at the beginning and at the end of the interval are respectively Wi and 1^2, 
then the average weight during the interval is ^(ITo + ILi). Replacing IFi 
in equation (2) by KIF 2 + ILi), 've obtain 


, Wt - Wi 

Average relative growth rate = — — — 

\\W2 4 - Wl) 



Although equation (3) is an improvement over equation (2), it is still physio- 
logically unsatisfactory because (1) the time intervals, h — tu are arbitrary 
and not equivalent physiologically for successive stages of development; 
(2) the weight increments are assumed by this method to be added on at 
fliscontinuous time intervals; (3) the denominator, + Wi), is obtained 
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oil the assumption that the growth I’ate o('cui*y in a linear nuuuior, wliieli in 
practice is true only for short intervals. 

iTo — ir 

In place of finite weight gain, ^ ^ , we use “instantaneuns” weiglit gain, 

h — *1 

dW/dtj and divide the ‘‘instantaneous” gain by the weight at the time of the 
gain, thus: 


Instantaneous (true) relative growth rate = 


dW/dt 

~W~ 


(4) 


In this case, the denominator, ir, represents the weight of the animal at the 
instant the rate dW/dt is measured, not the weight, ITi, at some earlier age. 


Ccp«p«0g 

200 



Gmsptrcpc 

|Wday 


DoysO 2 4 6 fll012WI6W20 DaysO 2466 10 t2 14 161620 

Incubation Aqq Incubation Ape 

Fig. 16.21. The course of CO 2 excretion in tlie chick embryo plotted from data by 
Hasselbalch and by Murray. 

It is, of coui'se, impossible to measure the matantancous rate of growth in 
the laboratoiy, because of the finite time interval retiuired foi‘ making a meas- 
urement; but even if it were possible, the expei imental eri'ors of measurement- 
would be greater than the instantaneous gains. Here abstract mathematics 
is used to solve a practical problem. The infinite number of infinitesimal 
instantaneous rates arc added up, or integrated. (The method of integrating 
is explained in elementary calculus text-books.) The method is outlined 
symbolically in the following e(|Uations. 


w 


dW 

(5) 

w Jo 

(6) 

= In^ + tet 

(7) 

ir => 

(8) 
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In the above equations dW/di represents instantaneous absolute growth 

rate; — and k represent instantaneous relative, or, when multiplied by 100, 

percentage growth rate; e is the base of natural logarithms, InTT is the natural 
logarithm of weight W at time t, and A is the natural logarithm of W when t = 
0 . 

For purposes of computing the numerical value of the instantaneous relative 
growth rate, k in equation (8) is written in the form 


k = 


\nWt “ \tiWi 

(2 “ ti 


(8a) 


That is, the instantaneous relative growth rate, k, is the difference between 
the natural logarithms of weights W 2 and TFi, divided by the time interval 



Fig. 16.22. Postnatal growth of the domes- 
tic fowl during the self-accelerating phase of 
growth. During the first month, the growth 
rate is 5 per cent per day (body doubled in 
13.8 days). During the following 7 weeks, 
the growth rate is 3 per cent per day (body 
is doubled in 23 days). 


Ape 


t 2 — t\. Thus the practically impossible task of measuring the instantaneous 

growth rate is made possible by a mathematical device. 

The constant k has a perfectly definite meaning. It is the instantaneous 
relative rate of growth for a given unit of time. Thus, for the growth of the 
fetus of the albino rat, from 14 da 3 ’'S to birth, the value of k is 0.53; this means 
that the instantaneous percentage rate of gro^^i^h is about 53 per cent per da}" 
or 53 X 30 = 1590 per cent per month; or 53 X 7 = 371 per cent per week, 
etc. As regards the constant A in equation (8), theoretically it has the value 
of W when t = 0. For the rat, A was found to be 0.00065 gram. This does 
not imply that at conception the fertilized egg weighs 0.00065 gram, for the 
constant was obtained on the basis of data from 14 to 22 da^-s only, and one 
is not justified in extrapolating this value to conception. While, therefore, 
A has a definite theoretical meaning, practically no significance should be 
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attached to it. Until data become available which indicate the justification 

of_^exti apolating the curve to conception, it need be considered merely 
parameter of the equation. 
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Fig. 16.23a. Prenatal weight growth of the chick embryo and of its constituents and 
metabolites plotted from several sources on arithlog paper with indicated slopes. 
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It is instructivp to indicate the relation between the instantaneous percentage growth 
rates as computed by equation (8a) and the conventional percentage growth rate com- 
puted by equation (2). which is the method proposed by Minot**, used almost universally 
by.biologists until the appearance of our 1927 paper**. 

We may take for illustration the data on fetal growth of the albino rat“, ages 13 to 22 
<lays. According to Minot, the computation for evaluating relative rates of growth is 
carried oit as follows: * 



Fig. 16.23b. Prenatal weight growth in man, plotted from Streeter on arithlog 
During tlie period 50 to 100 days prenatal life, growth occurs at 8 per cent per day (bouy 
weight is doubled once in 8.7 days); between 160 and 230 days, at 1.7 per cent “ay 
(body weight doubled in 41 days) ; between 240 and 280 days at 1.3 per cent per day (bouy 
weight doubled in 55 days). Eight per cent per day is equivalent to 240 Per cen^ P/J 
month; 1.7 per cent per day is equivalent to 51 per cent per month; 1.25 per cent per aay 

is equivalent to 37.5 per cent per month. 

Take the weight at a given age, and the weight at the next older age for which there 
are observations. From these data calculate the average daily increase in weight for 
the period between the two determinations of weight, then express the daily increase 
in percentage of the weight at the beginning of the period. 

Minot, C. S., “The problem of age growth and death,” New York, 1908; also 

Univ^^Mo^ Agn^Exp. Sta. Res. Bull. 97, 1927. See also Schmalhausen, I., Arch. Ent- 
■wicklungsmech . Organ., 109, 455 (1927); 110, 33 (1927); 124,82 (1931). 

” Stotsenburg, J. M., Anat. Rec., 9, 667 (1915). 
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We have shown^* that our inslantancous growth rate, k hi (S), is related to 

iMinot^s /i;u7c growth rate, R in equation (2), by the logaritliinic funetioii 

k - ln(/^ 4- 1) 

as illustrated by Fig. 16.9. Tlie dilYerence is particularly striking in growtli rale la'vnnd 
about 10 per cent, as illustrated by the following numerical examples. 

At age 13 days, Wi = .040 gram and at 22 days U '2 = 4.630 grams. The percentage 

growth rate, according to the method of Minot (eq. 2), is then — — — X 100 = 1275 

.040 X 9 

per cent per day; according to our method, the true or instantaneous percentage rate, 

,, , , . , In 4.630 -In .040 

/:{cq.8a),isonly X 100 = 52 per cent per day ; depending on t lie method 

%} 

used, the same set of data yields 1275 per cent or 52 per cent growth rate. 



Age 

Fig. 16.24. Juvenile growth in man. Well-nourished children grow at an approxi- 
mately constant percentage rate between 5 and 15 years (about 10 per cent per year; the 
body weight is doubled once in about 7 years). The prepubertal acceleration, so con- 
spicuous in the literature on growth of children, is usually found only in the curves of 
poorly nourished children (Figs. 16.50 and 16.52). 


The difference in percentage rates as determined by tlic two methods decrease with 

decreasing time intervals between weigliings. Thus, by reducing the intervals between 

weighings to 5 days, we have: The fetal weight at 13 days, .040 gram; at 18 days, 1.000 

1.000 -.040 ,, In 1.00 -In .04 

grains; hence R = — ^ ^ X 100 = 480 per cent; and k = — X 100 = 

64.4 per cent per day. 

Similarly, for a two-day interval (between 13 and 15 daysj , Minot’s arithmetic method 
yields 90 per cent, whereas our exponential method yields 51 .5 per cent per day. 


Univ. Mo. Agr. Exp. Sta. Res. Bull. 07, pp. 18-10, 1027. 
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If a set of data follows an exponential course (eqs. 7, 8, 9), then, knowing the numeri- 
cal value of ky it is possible to compute the time required for doubling body weight or 
population size. The time required for a growing body or population to double itself in 
size is the ratio of the natural logarithm of 2, that is, 0.693 ... to the value of k. The 
reason for this is given in the following derivation. 



Fig. 16.25. Graphic method for evaluating the constants of ©quations (12) and (14) 
for a rat. The correct weight value of the mature weight, A, is 350 gms.; if (350 — 
plotted against age a straight line results. If a larger or smaller value of A is ^sumeU, 
the curve deviates from a straight line as indicated. The value of B is read from tne 
curve at the point when f = 0; /* = 1.76, the age when (A — W) = A = 350 gm. 


Solve equation (7) 


for t, 
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When the original weight, A, is doubled, W becomes 2A and 

I = - In^ _ 1 2.4 _ ln2 

k k A k 




Fig. 16,26. Graphic method for eval- 
uating the constants for a Jersey cow. 
A straight line results if A is assumed 
to be 420 kg, but not 450 or 300 kg; 
is the age when A - W = A, which 
is 420 kg. 



When the percentage growth rate is constant, the time intervals between doubling of 
weights are constant; therefore, when equation (8) represents growth, the time required 
for weight to double itself is 


ln2 0.693 
k ^ k 


Thus, the value of k for fetal growth of the rat was found to be 0.53. Hence, the time 

0 693 

required for the rat fetus to double its weight is =p 1.3 days; if growth in weight is 

0.53 

taken as an index of the increase in the number of cells in the body, then a new generation 
of cells is produced, on the average, once in 1.3 days; or the cell-division frequency is 

approximately)- — = 0.77 per day. It would thus be possible to determine the mean life 

1 >3 
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of a inotlier cell before it ilivides into two daugliter cells, if increase in weight were a 
measure of increase in the number of cells in the body. 


Lot us next apply systematically this method ot computing instantaneous 
pei'centage growth rates to the analysis of the self-accelerating phase of 
several other age curves of growth in weiglit or pojnilation size. 



h'ig. 16.27. The smooth curve represents equation (12) or (13) for the cow represented 
in Fig. 16.26. The significance of the constants is indicated graphically. 

16.4: The principle of mass action and the self -accelerating phase of growth. 

The first principle in biology is that there is within living substance a con- 
dition of internal pressure tending toward expansion of self or kind ... the 
tendency to take in and assimilate everything assimilable ... to grow, to 
multiply. R. E. Coker 

Ah explained in the preceding section, the age curve of growth is sigmoid 
in form (Fig. 10.5) consisting of a self-accelerating phase of increasing slope 
and a self-inhibiting phase of decreasing slope. The two are joined during 
puberty in animals, flowering in plants, and “coining of age” in populations 
of organisms. Let us rationalize the segment of increasing slope with the aid 

of the principle of mass action. 

According to this principle as it is employed in chemistry, the speed of a 
chemical reaction is, in the simplest case (reaction of the first order), and when 
other conditions are equal, proportional to the number of available units 
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(molecules, ions, etc.) entering into the process ^t the given instance. This 
principle, then, involves the conception of constancy of percentage rate. It 
is the principle of compound interest, with the “interest added to the capital 
continuouslv from moment to moment’*, rather than annuallv, semi-annuallv, 

V * % y . j 

or quarterly as is financially common. 



Fig. 16.28. A straight lino form of the growth curve. 100 (/ — -^) w;us plotted against 

age on arithlog paper. 'I'lie Ilolsteins attained 80 per cent of their mature weight at SI 
months, Jerseys at 28 montlis. 


Ktluation (5) 




and its integrated form 


ir = 



are thus essentially the equations of the physical chemist for the kiiietics ot 
monomolocular change. The time curve of early growth, of hio.synthcsis, is, 
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as might be naturally expected, similar to that of chemical reactions in general. 
This statement does not at all imply that growth is a “simple monomolecular 
chemical reaction”, or that it is even limited by such a reaction. It merely 
calls attention to a similarity in general plan, to a general analogy. The 
principle of mass action is applicable to the multiplication rate of any category 
of reproducing units whenever the reproduction rate tends to be directly 
proportional to the number of reproducing units. Thus when other con- 
ditions are equally favorable, one bacterium divides into 2, 2 to 4, 4 to 8, 
and so on in a geometric progression. 


k :? 






Hiooo 


HlOO 


vA 


-^10 


CATTU 
man" 

FOWL 

RATSIWHITE) 
GUINEA PIGS 

RABBITS 
HORSE 

• SHEEP 

♦ SWINE 

» PIGEON 6 dove" 

* MOgSE 

♦ RAT (NORWAY)* 


H1.0 


o 


ai 


•not included in correlationIdi 

■ 


6 lo 20 40 60 lOO 200 

AGE FROM CONCEPTION. MOS. 

AT 96% MATURE WEIGHT 


Fig. 16.29. The relation be- 
tween the mature ^\’eight, 
and the speed of approach to 
the mature weight during the 
self-retarding phase of growth. 


The term k in equation (8) is the velocity constant of the physical chemist, 
or the (instantaneous) growth rate (relative rate, or percentage rate when 
multiplied by 100) of the biologist. 

Equation (8) may be fitted to data by the method of least squares or 
graphically. In either case, it is first “rectified”, z.e., written in linear form, 
by taking logarithms of both sides: 

Inir = In A -I- kt (7) 

which has the same form as the linear equation y ~ a + bx 


InTF corresponding to ?/, loA to a, and kt to bx. 
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Therefore, if the logarithms of W (weight) are plotted against the cor- 
responding values of t (age), a straight line results of slope k, and intercept 
bid, and the equation is thus fitted graphically to the data. 

Since the eye is sensitive to deviations from a straight line, it is easy to judge 
whether equation (7) represents the coui-se of change. Whenever the equation 
fails to represent the data, notice is registered by deviation from the straight 
line. 

Instead of plotting logarithms, the original data may be plotted on arithlog 
paper, the vertical axis of which is divided logarithmicallj^ and the horizontal 
axis arithmetically. We shall use this method because it saves the labor of 
looking up logarithms and keeps before us the meaningful original data instead 
of logarithms, which are vague to most of us. 



Fig. 16.30. Relative speeds of approach to the mature weight of albino and Norway 
rats. Both are plotted in terms of the percentage of mature weight. One month in the 
albino rat is equivalent in speed of approach to mature weight to 3.3 months in the 
Norway rat. The upper curves represent albino rats respectively of Donaldson and of 
Greenman; the lower curve represents Norway rats of King, 


The fact that the paper is divided on a decimal scale gives the slope, k, of 
equation (7), a value in terms of common logarithms. This value is converted 
into natural logarithms by dividing the observed slope by 2.3 (In 10 = 

2.302. . .). 

The equation may be fitted by the method of least squares (appendix to 
Ch. 13), but only after the data have been plotted on arithlog paper to as- 
certain that there are no breaks in the curve and that the distribution of the 
data on the arithlog grid is linear. Equation (7) may be fitted only to data 

distributed linearly on the arithlog paper. 

Fig. 16.10 shows the same (Stotsenburg) rat -growth data on arithlog paper 

(upper left) and also on arithmetic paper (lower right). The arithmetic curve 
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has an increasing slope. The curve drawn through the arithlog curve has a 
constant slope, k. Equations (7) or (8) thus represent satisfactorily the course 
of growth of the rat fetus from 14 days after conception to birth, and the in- 
stantaneous growth rate is constant — 53 per cent per day as given the 
equation fitted to the data 

W = .00006oe®*^« 

If this reasoning is sound, we have reached the important conclusion that 
the instantaneous percentage growth rate remains constant during the physio- 
logically enormous period from 14 days after conception to birth. 



Fig. 16.31. Relative approach to the mature weight of rats on normal diets (numbers 
3, 4, 5, and 6) and “maximum-growth” diets (numbers 1 and 2). Curve 1 represents rat 
3414 of Osborne and Mendel, curve 2, the average of rats B2135, B2132, B2164, B2161, 
B3380, B3432, B3414, B3441, B581, B693, B1978, B1974, B2264, B226, B3218 raised on 
improved diets described in Biol. Chem., 69, 668, (1926). Curve 3 represents Osborne 
and Mendel’s 1925 averages. The points connected by broken curves in Fig. 16.31 
represent 98 per cent of mature weight. 


The instantaneous percentage growth rate during the 10 days following 
birth is only about 12 per cent; but it is constant, which is the essential new 
fact. The constanc}- of percentage growth rate during the fii'st 10 postnatal 
days is also indicated in Fig. 16.11, in which the values of 100^*, for 3 sets of 
rats, are plotted against age; the resulting curves are horizontal, that is, the 
percentage rate of growth is practically constant. The break in the curve 
at birth is, among other factors, associated with a radical change in the mode 
of life. 
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In Fig. 10.12 the data during the lii-st 10 days following birth are plotted 
again, together with the remaining data for the pluuse ot growth preceding 
the inflection. From conception age 32 days (10 days alter birth) to 52 days, 
the instantaneous growth rate appeal's to be 4 per cent per day; trom 52 days 
up to the inflection (about 85 days after conception, 05 days atter birth) 
3 per cent per day. (We are not certain of the presence ot later breaks.) 

The breaks are also illustrated in the increment curve“ of Fig. 10.13. The 
conclusion is, then, that while the percentage growth rate declines with age, 
the decline is much slower than has ever been thought before, and the decline 
does not appear to be continuous. The percentage growth rate remains 
relatively constant between rather wide limits, and then declines relatively 

abruptly to a new low level. 



Fig. 16.32. See legend for Fig. 16.31. 


Figuratively speaking, the medium in which the body cells grow has buffer 
properties analogous to tho.se of body fluids against acid or alkali. When, 
for example, acid is added to blood, the blood pH remains constant because 
of its buffer properties (C’h. 10). It is only after a certain fraction of the buffer 
is “spent” that the acidity exceeds a certain threshold, or critical value, and 
affects the welfare of the organism. May not an analogous situation exist 
with respect to the growth-retarding substances in the body? 

“ Weight increments increase at the same percentage rate, 100A-, as the body weight 
itself. 
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Indeed, this appears to be the situation for growth of a population of lactic- 
acid producing organisms in milk, measured l)y the rate of accumulation of 
lactic acid in milk, as shown in Fig. 16.14. Neutralizing the lactic acid in the 

a new c 3 Tle of exponential growth (Fig. 18.1). 

Fig. 16.15 shows the constancy' in the percentage growth rate of B. coli 
(also an acid-producing organism) in broth. This constancy' in the percentage 
growth rate of acid-producing bacteria is due to the high buffer value of the 
medium, which neutralizes the growth-retarding lactic acid as it is produced, 
thus keeping the culture in the same state for a relatively long period. When 
the threshold pH is exceeded, the percentage growth rate declines. 

A similar situation prevails in human population growth. When the density 
of the population is very low during its earl}' histor}" and much more fertile 
land is available than the population can utilize, the natural increase of the 
human population occurs at a constant percentage rate. This is illustrated 
bv Figs. 16.16 and 16.56 for the growth of the American Colonies and United 
States population. This population grew at the instantaneous rate of 2.9 per 
cent per 3 'ear from 1660 to 1890. The critical or “threshold value'^ was 
reached in 1880, when the growth of the population began to decline (Ch. 25). 


^ Fig. 16.33. Comparison of growth of 

English children, “laboring” and “non- 
ao laboring.” Data by Roberts, compiled by 

B. T. Baldwin, Univ. Iowa Studies in Child 
70 Welfare, 1, 1 (1921). 

60 
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Fig. 16.17 represents the percentage growth rate (lOOA') of the rat as a func- 
tion of age; it indicates the manner of decline in the “growth potential” with in- 
creasing age. The graph reminds one of a scries of water pipes, each of which 
is relativel}^ horizontal, has a relativel}" constant head pressure, and is below 
its predecessor, finall}^ fading to zero. This is the essential histor}' of a running 
stream to its ultimate end, and of growth to its ultimate end. 

The most striking age curve obtained in this anal 3 *sis of earl 3 ^ growth is 
shown in Fig. 16.18a, which relates CO 2 production with age in the chick 
embr 3 m. The age increase in CO2 production is perhaps a better index of 
growth than the age increase of weight, sin'ce weight increase may be due to 
increase in relatively inert, or even non-living, matter whereas CO2 production 
represents definitely living, metabolizing tissue. 



GROWTH RATES 


521 


We prepared Fig. 16.18a from data by Atwood and Weakley . 2 ® Each egg 
was incubated individually in a glass tube. The data points represent the 
average daily CO 2 output of the 63 eggs which hatched normal chicks. The 
circles represent observed values. The relatively high CO 2 output during 
the fii-st day in comparison to the second is apparent only because the eggs 
were kept, as is customaiy, in a cool cellar before incubation. When, there- 
fore, the eggs were subjected to the relativelj’ high incubator temperature, 
there was in addition to the metabolic C 02 output an expulsion of the excess 




Fig. 16.34. The data in 
Fig. 16.33 in terms of per- ^ 
centage of mature weight, ^ 
including data on growth in 
height. 


c 

if 

V 



Age 


CO 2 because of its lower solubility at the incubator temperature. This ex- 
planation is substantiated by the data for the CO 2 excretion of a control, 
infertile, egg represented in Fig. 16.18a by crewses. The CO 2 production during 
the first daj' is virtually the same for the control and incubating egg. The 
CO 2 production associated with incubation is properly represented b}'^ the 

difference between the fertile and infertile control. 

The distribution of this difference between the CO 2 production of fertile 
and infertile eggs is fairly linear on the arithlog grid: the instantaneous in- 
crease in CO 2 production during the first four days of incubation is seen to be 
of the order of 100 per cent per day. It is interesting to note that the cleavage 

w Atwood, H., and Weakley, C. E., W. Virginia Agr. Exp. Sta. Bull. 185, 1924. 
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rate of the rabbit and rat eggs during the first three da 3 's of incubation (Fig; 
1G.2) is of tlie order of 120 (rat) to 140 per cent (rabbit) per da 3 \ 

Fig. 16.19 illustrates in a more striking manner the drop in CO 2 production 
during the second day. Here the percentage increases, 100 (lnlF 2 — InlFi), 
were plotted against age. The greater drop in Bohr and Hasselbalch's curve is 
probabl}' due to a lower preincubation temperature than in Atwood and Weak- 
ley's. 



Age 

Fig. 16.35. Relative approach to maximum milk yield under Advanced-Registry test 
and ordinary conditions of management. The better-fed test animals approach the 
mature level at a more rapid rate. 


Returning to Fig. 16. 18a, from 4 to 15 day's the data points are distributed 
in a remarkably uniform manner around a straight line, indicating an in- 
stantaneous increase of 31 per cent per day. The second remarkable feature 
of this graph is the pause between 16 and 19 days. The chick no doubt passes 
a critical period, a “metamorphosis”, at this stage. This statement relating 
to a critical period is substantiated by the mortality-' curve, Fig. 16.20, which 
passes a peak at this time. The trigger mechanism in the break may be a 
change in the mode of respiration : the respiratoiy function is transferred from 
the chorioallantoic membrane to the lungs; the chick “metamorphoses” from 
an aquatic to a terrestrial mode of respiration. 
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The smaller peak in the mortality curve at about five days may perhaps be 

correlated with the peak in the lactic-acid curve shown in Fig. 16.20. The 

mechanism of lactic-acid oxidation apparently does not begin to function 

efficientlv until this time. 

« 

Fig. 16.21 represents data of Hasselbalch and of Murray. The distribution 
of the data points is less regular because of the smaller number of embryos. 



These charts do not show the last stages of growth; otherwise, the general 
features of the charts are the same. The values of k for the data of Hassel- 
balch are the .same as those for the data of Atwood and eaklc} . 1 he value 

of k for Murray’s data is higher, but this is probably due to a higher incubation 
temperature. Fig. 16.18b, which represents the age curve of nitrogen storage 
in the silkworm embryo, is remarkably similar in respect to the grow'th pause 
to the age curve of CO 2 excretion in Figs. 16.18a and 16.21. 

Fig. 16.22 repre-sents the growth of the fowl during 12 weeks of postnatal 
life. There appears to be a break in the curve at 3 weeks. The major in- 
flection occurs at the age of about 12 weeks. 1 he values of k during this period 
are of the same order as tho.se found for the rat. 



524 


BIOENERGETICS AND GROWTH 


Humans have a ^’^ery slow prenatal growth rate in contrast to other species. 
AVhile the instantaneous prenatal growth rate in the rat is about 53 per cent 
per day (Fig. 16.10), that of man^^ ranges from a maximum of 8 per cent to a 
minimum of 1.3 per cent per day (Fig. lG.23b). Therefore, given percentage 
rates of growth do not indicate equivalent developmental stages. It was 
already noted (Fig. 16.7) that the age curve of man is distinguished from those 
of other species by a very long jin'enile period. Fig. 16.24 shows that growth 
during the juvenile period is about 10 per cent per year, that is, only 0.83 per 
cent (10/12) per month or 0.03 per cent (0.83/30) per day. 



Fig, 16.37. Relative lactation slopes of Guernsey cattle. 

16.6: Extension of the principle of mass action to the self -inhibiting 
phase of growth 

The same path leads up the hill and down. Heraclitus 
I rise again, changed but the same. Jacques Bernoulli 
The great object in life of an oyster is to convert the whole world into 
oysters. The biotic potential of the oyster is limited more by the outside 
forces than by its own lack of biotic ambition. R. E. Coker 

Streeter, G. L., Carnegie Institution of Washington, Contributions to Embryology, 
11 , 143 (1920). 
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As previously explained, the age curve of growth ma}' be divided into a 
self-accelerating phase of increasing slope and a self-inhibiting phase of de- 
creasing slope. During the self-accelerating or unrestricted phase, the time 
rate of growth tends to be proportional to the size of the individual or of the 
reproducing population. However, this geometric increase cannot go on 





Fig. 16.38. Relative lactation curves of Holstein cattle. 


indefinitely because of the restricting limitation of the univer.se. Each lives 
under a condition not only of pressure from within, tending toward expansion 
of self or kind to multiply and fill every occupiable niche, but also under a 
pressure from without which keeps expansive pressure under control.^*® 
Mention was made of the restrictive effect of the population increase of 
Drosophila, yeast bacteria, on further increase of the population. Analogous 
restrictive effects may contribute to decline in growth rate of multicellular 
animals in later growth stages. For instance, the decrease of the ratio of 


Coker, 11. K., Scientific Monthly, 48, 01, 121 (1939). 
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surface to body weight during growth^^ I'csults in progressive congestion in the 
transportation of nutrients and wastes. One may also mention progressive 
interference with the transportation of nutrients and wastes through progres- 
sive accumulation of inert materials in the body and progressive dehydration 
and decline in permeability. 

The mass law equation for the self-inhibiting phase of growth may be formu- 
lated just as for the self-accelerating phase, with this difference: during the 
self-accelerating phase, the growth rate, dW/dty is proportional to the size of 
the population or to that of the multicellular individual; during the self-in- 
hibiting phase it is proportional to available “living space“, available land, 



Holstein -I = 550; k = —.040; = 8.3 

Ciuernsey, HM A = 515; k = —.044; t* = 0.2 

Ayrsliire A = 460; k = —.050; /* == 9.1 

Jersey, HM A — 436; k — —.050; /* = 0.2 

Jersey A = 420; k = —.054; /* = 8.9 

Fig. 16.39. Growth of cliiiry cattle. 


available food supply, available freedom from the deleterious products of 
growth, and so on. These ideas ma}' be formulated in the conventional terms 
of the physical chemist, with the symbols used for the self-accelerating phase 
of growth. 

Cohn, A. E., and Murray, H. A., Jr., Quart. Rev. Biol.j 2, 469 (1927). 
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Let A represent the liinitinji; food retiuired to attain maximum individual 
or population size, and II' the food supply at the given time; {A — IL) then 
represents the concent ration of the limiting food supply at the moment just 
sufficient to permit attainment of maximum individual or population size. 

It is reasonable to assume that the instantaneous growth velocity, dW/dt, 
at the given time will he proportional to the (*oncent ration of the limiting 
food supply, that is, to the value {A — IT) 


dir 


(it 


= -k{A - ID 


(9) 



20 30 

Age 

1G.40. (Irowtli of Horses. 

Instead of food, the growth-limiting factor in the environment may he some 
growth product, iL lactic acid to growing lactic-acid bacteria in milk, or alcohol 
to alcohol-producing veast in'fruit juice. Let d he the concentration of lactic 
acid or alcohol suppressing completely the growth force residing in the cells, 
and W its concentration at the present time. Then, as before (A - If) 
repre-sents the amount of growth which the environment will permit in order 

to bring the population to the maximum size. A, and — = -k {A - If), 

the instantaneous velocity of growth at the given time. Analogous imsoning 
applies to the growth of multicellular animals, which are cell populations, 

after all. 
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The numencal values of the constants are estimated as follows: A, which 
represents the concentration of the growth-limiting factor when growth is 
completely inhibited, may be used to represent the mature weight of the 
animal (or the maximum size of the population) under a given set of con- 
ditions; W may be used to represent the weight of the animal (or size of the 
population) at the given time; (A — W) then represents the amount of gro\vth 
yet to be made to reach the mature weight. 

Although equation (9) appears to differ from equation (5), both represent 
the mass law (for a first-order process) ; both represent a direct proportionality 
between growth velocity, dW/dt^ and some growth-limiting factor. In equa- 


t 



Fig. 16.41. Growth of Sheep. 


tion (5) the growth-limiting factor is IT, the growth already made; in equation 
(9) it is (A — W). In equation (5), k is the relative growth rate with respect 
to the growth already made, 



dW/di 

W 



while in equation (9) k is the relative growth rate with respect to the growth 
yet to be made 


, dW/dt 


( 9 ) 
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Before applying equation (9) to data, it is integrated, for reasons explained 
in the preceding section: 


dW/dt = -HA - HO 




In {A — HO = —kt + Infi (integration constant) (10) 

A-W = Be-'“ (11) 

W = A - Be-*' (12) 


The significance of the constancy of the exponent k is that the growth veloc- 
ity declines at a constant percentage rate 100/:, illustrated by the following 
numerical example. 



The average increase in weight of guinea pigs in successive months during the self- 
inhibiting phase of growth was observed to be 

112, 90, 70, 56, 45, 35, 27, 21- • - gms. 

The instantaneous relative decline in growth rate was, therefore, in round numbers, 

112 — 90 _ 90 ~ 70 ^ 70 ^6 _ 56 ^ ^ 22 cent per month. 

112 90 70 56 

Just as lOOfc represents the i)ercentage decline in growth, so lOOp represents the per- 
centage veraislency of growth. Thus in the above example for guinea pigs which gained 

in successive months 


112, 90, 70, 56, 45, 35, 27, 21- • -gms. 
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the persistency of growth is 

90 70 56 43 35 27 21 

1 12 “ 90 ” 70 “ ^ “ 43 “ 3~5 “ 27 


0.78 or 78 per cent per month. 


It is obvious that the sum of the percentage decline and percentage persistency of 
growth must equal to 100 per cent 


78 per cent + 22 per cent = 100 per cent 

The minus sign of k in equation (9) indicates a decline in growth velocity. 

The fit of equation (12) to growth data may, as before, be ascertained by the graphic 
method. The logarithmic form (equation 10) is used for this purpose. (/I — W) is 
plotted against age, t, on arithlog paper. A straight line results if the proper value of A 
is chosen, and if the equation represents the data. Several values of A are chosen, and 
A — ir plotted. There is an upward curvature for liigh values of -4 , a downward curva- 
ture for low values of A, and linear distribution for the correct value of A. 


Fig. 16.43. Growth of Rabbits (Castle). 



This method of fitting the equation is illustrated in Figs. 16.25 and 16.26. The data 
points seem to be distributed around a straight line in a satisfactory manner if a correct 
value of A is chosen. Growth curves drawn according to equations (12) and (14) corre- 
sponding to Fig. 16.26, are shown in Fig. 16.27. The agreement between observed and 
computed values appears satisfactory (of course this applies only to the phase of growth 
following the inflection). 

The value of k is determined by measuring the slope on the arithlog paper (Figs. 16.25 
and 16.26) as was done for the self-accelerating phase of growth. B is the intercept of 
the curve on the arithlog chart; that is, the value of (A — IF) when < = 0. B may. of 
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course, be evaluated algebraically 

A - ir = 




The constant B may be dispensed with. It is merely an age-parameter (integration 
constant) employed to correct for the fact that while age is counted from birth or con- 



F, Arequipa X Race B 
F, Arequipa X Race B 
F, Cutleri X Race B, 
Wright’s data, 

T? ft pp 

¥, Cutleri X Race B, 
F, Cutleri X Race B, 
Cutleri, 

Cutleri, 


d^, A = 1.300, k = 
cf, A = 1.040, k = 
cf, A = .930, k = 
d^, A = .810, k - 
9 , A = .800, k = 
9 , A = .785, k 
9 , A = .590, k 
cf , A = .400, k 
9 , A = .333, k 


Fig. 1CA4. Growth of guinea pigs 


-.198, t* 
-.209, t* 
-.274, t* 
-.249, t* 
-.247, t* 
-.261, 

- .405, i* 
-.529, t* 
-.434, t* 

(Castle). 


= 2.05 
= 1.63 
- 2.00 
= 2.10 
= 2.60 
= 1.80 
= 2.22 
= 2.74 
= 1.95 
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coption, O(|uatioii (12) fits the <Inta only during the phase of growth following the inflec- 
tion. Tliis correction may he made in the exponent. The (A — IF) curve on the arith- 
log paper (Figs. 16.25 and 16.26) is extrapolated and the value is read at the point where 
(^l — \\') = ,l , that is. wlien IF = 0. This is the position at which the extrapolated curve 
of equation (12) meets the age-axis. By beginning to count age from this point desig- 
nated by /*, equation (12) is changed to 


IF = A - 

since when / = f*. A = B. 

Kquation (13) may be made more elegant by writing it in the form 


(13) 


i I 






M 




VI, 


rVI 


M, 


mmm’u 

mmmmmmmw/AmKmpam 
mmmmmmmnmwAa'Ammsmm 

mmmmmmiiWAfimimmm, 

mmmmmwmuwMmmmmm 

mmA'i 

mmmn^A^tA 

wawAM 

'imm 

■RHy/VfiBB 

mfobmim 
■uviir/i 


■BBC 




• : 


k 

A 

r 

-.520 

330 

1.71 

-.810 

230 

1.62 

-.707 

223 

1.95 

-.485 

210 

1.25 

-.644 

203 

2.03 

— .707 

170 

1.40 

-.621 

147 

1.30 


bex 

d' 

d 

9 

9 

9' 

9 

9 




Litter mate to runt 
Runt 


Fig. 16.45. Growth of rats. 


Sherman 

Hoskins 

Sherman 

King 

Donaldson 

King 

King 
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which indicates that the fraction of the mature weight, W/A , is a function of the product 
of the velocity constant, k, and the age as counted from t*. 

When B is known, t* may be computed as follows: 

When t = t*j ir = 0; therefore 

0 = A - InA = InB - ki* 

A = . InB - \tiA (15) 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 

9. 

10 . 

11 . 



k 

A 

t* 

.350 

350 

1.76 

.333 

335 

1.4 

.122 

385 

.9 

.291 

320 

1.3 

.341 

270 

1.6 

.330 

255 

1.38 

.13 

290 

.20 

.48 

215 

1.4 

.357 

189 

1.28 

.418 

172 

1.12 

.621 

147 

1.3 


Notes 


7-15 Generations 
Norway 

16-25 Generations 

Controls 

Norway 

7-15 Generations 
Controls 


9 Runt 

Fig. 16.46. Growth of rats. 


Source 

Greenman 

King 

King 

King 

Ferry 

King 

King 

King 

King 

Ferry 

King 
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It is often desirable to know the ages when given weights, or given fractions of the 
mature weights, are reached. These may he determined as follows: 

A - W = Be-^‘ ( 11 ) 

ln(4 — ir) = InB — kt 

kt = \nB - In (4 - 1^) 

In^ - ln(4 - W) 

• • t = T (16) 




A 

k 

t* 

Sex 

Source 

1. 

275 

-.62 

.76 

cf 

Robertson, 1916 

2. 

260 

-.672 

1.03 

cf 

Robertson and Ray, 1925 

3. 

235 

-.82 

.92 

9 

Robertson 

4. 

228 

-.639 

.88 

9 

Robertson and Ray 


Fig. 16.47. Growth of mice. 


A further simplification may be introduced. Assuming that it is desired to determine 
the age when some fraction, such as 90 per cent of the mature weight, is reached, W may 
be replaced by 0.94, and etpiation (16) becomes 

\nB - ln(4 - 0.94) 

^ ” k 

= 7 OnB - In O.U) 
k 
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or in general, 




For linear growth B may have the same numerical value as A, and equation ( 12 ) 
becomes 

ir = .1 - Ae-^^ = / 1{1 - ( 12 a) 



Fig. 16.48. Growth of pigeons, doves (Riddle) and rats. 


Equation (12a) offers a simpler method of determining the weight at a given age. From 
( 12 a) 

A - ]V 




, (A - W) 

In — — 


i = - 


A 

1 (.1 - W) 

; — 7 


■M-') 


(17a) 


Equation (17a) shows that, when tlic value of k is known, one can easily determine 
the age at which a given fraction of the mature weight is reached. Thus if it is desired 
to determine the age at which half of the mature weight is reached, W is replaced by 0.5A , 

and 


i 




— 7 In 0.5 
k 


0.69315. 


• • 


k 
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In a similar manner, the age when any other fraction of the mature weight is reached 
may be found by substituting the desired value in equation (17a). The following table, 


in which a series of numerical values of natural logarithms of 



are given, facili- 


tates numerical computations. 

Equation (14) may similarly be used for evaluating the age when a desired fraction 
of the mature weight is reached. 



Fig. 16.49. Growth of domestic fowl. 


W 

A 






e-kit-n 




= - t*) 






i is easily determined when k and t* are known. Thus if it is desired to find the age, ^ 
when half of the mature weight is reached, W is replaced by 0.5A : 


1 , ^ 0.69315 

i - 7 In 0.5 = H ; — 

k k 
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Fig. 1G.50. Growth of chilclron precodinj; puberty (16.50) and following puberty 
(16.51). Note the considerable ditTerences in mature weights and in the shape of the 
age curves in these figures as also in Figs. IG.52 to IG.54, probably due to differences in 
environmental conditions. 
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Table to Facilitate Estimating Ages at Which Different Fractions of the 

Mature Weight Are Reached 


Fraction of Mature Weight 


Fraction of Mature Weight 


(t) 


(D 

('-.i) 

0.26 

-0.28768 

.70 

-1.2040 

.30 

-0.35667 

.75 

-1.3863 

.35 

-0.43078 

.80 

-1.6094 

.40 

-0.51083 

.85 

-1.8971 

.45 

-0.59784 

.90 

-2.3026 

.50 

-0.69315 

.95 

-2.9957 

.55 

-0.79851 

.98 

-3.9120 

.60 

-0.91629 

.99 

-4.6052 

.65 

-1.0498 

.999 

-6.9078 



Chart for boys 


I 



Chart for girls 

Fig 10 52 Tlio juvcMtilo course of growth of children (same data im in Fig. 16.50) 
lotted oil an arithlog grid. It appears that the “pubertal acceleration” represents 
ompensating growth in children who were relatively under nourished during the earlier 
cure, because Fig. 16.52 indicates that the lower the value of k (percentage growth rate) 
he greater the pubertal acceleration. 
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The following transformation of equation (14) gives a straight-line function for the 
growth curve. Transforming 
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kft-t*) scale 

Fig. 16.53. A comparison of growth curves of children, males, during the post-pubertal 
period. 


This means that plotting values of 


(i - i j (.hi 


— I (which is the fraction of growtii yet to be 


made to reach the mature weight) against age i or (/ — i*) on arithlog paper results in a 
straight line having the slope k. Fig. 16.28 illustrates the method. This derivation 
could be foreseen in connection with the method of evaluating A, which consisted in 
plotting (A — ir) against age. This method merely places the curve on a percentage 
basis. 

k (and also B) may be determined from the curve obtained by plotting the velocities 
of growth against age. 
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W A - 


( 12 ) 


dW 


= kBe 


, dW 

In — = In kB — kt» 
dt 


dW 

Hence, plotting the velocities (or in practice the successive increments per unit 

time) against the corresponding ages on arithlog paper will result, in a straight line 
having the slope k. This method is inferior to plotting {A — ir) against age on account 
of fluctuations due to experimental errors. 

The fact that the numerical value of the velocity constant, k, is the same in the 
differential and integral equations makes it possible to derive equation (12) from a 
knowledge of growth velocities (i.e., gains in weight per unit time at successive ages). 


W ^ A - Be-^^ 


( 12 ) 


dW 




Afie ifi’Vfeaps 



tct-t*) scale 


Fig. 16.54. Growth curve of children, females, during the post-pubertal period. 
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0 


Integrating the last equation, 


W = 


Ce 


-kt 


k 


+ A (integration constant) . 


When « = CO, W ^ A. 


Therefore 


When ^=0, = - = 5 

K 


W = A - Be 


-kt 


Thus it is possible to begin with equation dW _ 

^ 

dt 


in place of 


dt 


= k{A - W) 


( 12 ) 


and obtain the same result. 

For other properties of the growth equation, see Chapter 19 



Fig. 16,55a. Growth of the human brain in weight, IF, and in frequency, /, of brain 
potentials (or alpha frequency or alpha waves, or Berger rhythms). The value of —fc 
(decline in the relative growth rate) is -0.468 for the alpha waves and -0.485 for brain 
weight (i.e., 48.5 per cent per year); the mature values, and/.^ are 1333 gm. for the 

brain and 10 for the alpha waves. Since IF = /y^; that is, the brain weight, 

IF. is 133.3 times the alpha wave frequency,/ (Weinbach). 
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Summarizing this discussion, prior to puberty in animals, flowering in 
plants, and “coming of age’’ in populations, the growth rate tends to be pro- 
Dortional to the growth already made, indicated by the equation 


dW 

dt 



W = 


(5) 

( 8 ) 


Followng this age growth rate tends to be proportional to the growth yet to 
be made 


dir 

dt 


-HA - ir) 
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Fig. 16.55b. The equivalence chart between brain and wave frequency shows their 
excellent correspondence. Courtesy of A. P. Weinbach, Growth, 2, 247 (1938). 


[The numerical value of k in equation (9) or (12) is, of coui-se, different and has 
an opposite sign from the k in equation (5) or (8)]. 

Animals rapidly attaining the maximal body weight. A, have a high slope, 
k, as in equations (9) or (12); those attaining it slowly, have a low slope, k. 
The value of k for given guinea pigs is 0.22; for cattle, which approach mature 
weight much more slowly, the value of k is much lower, 0.04; for mice, ap- 
proaching the mature weight much more rapidly, k is much higher, 0.71; 
and so on. 
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16.6: Genetic growth constants. The value of .4 (mature weight) and of 
the slope, k, on the growth curve are intrinsic or genetic characteristics of the 
animal under given environmental conditions, in the same sense that the 
equilibrium and velocity constants of a chemical reaction in vitro are intrinsic 
characteristics of the chemical system under gi^•en conditions. Growth, like 
a chemical reaction in vitro, is by definition increase in the mass of one com- 
ponent at the expense of another, and the rates of approach to the equilib- 
rium level are analogous. Table 16.1 (appendix) presents numerical values 
of the intrinsic or genetic growth constants. A, k, and related derived values. 
Figs. 16.30 to 16.54 present the constants graphically, together with age curves 
of growth in weight of several animal species. 

The charts are for the most part self-explanatory. The values of A (mature 
weight), k (speed of approach to mature weight during the self-inhibiting 



Fig. 16.56a. The growtli of the Imman population in the U.S..\., plotted on scniilog 
paper. The line represents the equation P = .0842c® *^®', meaning that the population, 
P, grows at 2.9% per year (instantaneous basis) or is doubled in 23.4 years. 

phase of growth), and i* (age at which the extrapolated curve meets the age 
axis) are given for each species. The differences within the species are due 
mostly to differences in environmental conditions, especially food supply. 

Before proceeding with the discussion of the influence of environment on the numeri- 
cal values of the constant, it is interesting to note that the mature size, of different 
species tends to be related to the growth constant, fc, or to the time required to reach a 
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given percentage of the mature weight (Fig. 16.29 plotted from Table 16.1). As might 
be expected from the long juvenile period, the data points for man deviate from the 
general curve. Also, as might be expected, there is considerable scatter of the data 
because A and k are not influenced by environmental conditions in the same direction 
and the environmental conditions for the different animals were not the same. More- 
over, males, females, and castrates were lumped together in Fig. 16.29. Nevertheless, 
the index of correlation is relatively satisfactory. 

We may begin by pointing to the difference in approach’ to mature weight 
in Wistar Norway and albino rats*^ (Fig. 16.30). The mature weight is 
virtually the same in both, but the albinos attained mature weight much 
earlier. Dr. King informed us that the Norway curves approach the albinos 



Fig. 16.56b. Growth of the human population in the U.S.A. showing the increment 
curve (2) and cumulative curve (1), extrapolated to year 2100. 


with successive generations of cage life. Cage life apparently does not 
agree with firet-generation Norway rats. 

Figs. 16.31 and 16.32 represent growth curves of albino rats fed on ordinary 
and “improved” diets. The animals on the “maximum-growth” ration 
reach the mature size much earlier than the controls. The data for Osborne 
and Mendel “maximum growth” rats were given the Avriter by Dr. Osborne 
during a personal visit. Many published papers from Osborne and MendeFs 

Data in Donaldson, H. H., “The rat,” 1915, 1924 (Wistar Institute, Philadelphia). 
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laboratory on exceptionally rapid growth of rats®^ substantiate the curves 
in Fig. 16.31 and 16.32. 

Similar results were observed on other species. Thus, Figs. 16.33 and 16.34 
indicate that the average English “laboring” individual appears to be smaller 
than the average “non-laboring” individual, and that children of the laboring 
class take longer to reach a given growth stage than those of the non -laboring. 
This difference nmy be due in part to differences in environmental conditions.^ 
This difference in weight-growth rate (see also Figs. 16.50 to 16.54) may 
partially account for differences in intelligence quotients. It is not unreason- 
able to assume that mental and physical development are associated.^ 




Fig. 16.56c. Percentage increase (1 and 2) in and time required for doubling human 
population in the U.S.A. (3). 


Since the maintenance cost of animals is the largest item in the growth cost, 
rapid growth and early maturit}" impl}" some saving, and therefore increased 
efficiency not onl}' of growth but also of productive processes (such as milk 
and egg production, muscular work), since the growth expense is charged to the 
productive process during maturity. (For exceptions, see Chs. 3 and 18.) 

There are similar environmental influences on the matunUion speed of 
phvsiological functions, such as milk production, illustrated in Figs. 16.35 to 

Osborne, T. B., and Mendel, L. B., et al.y J, Biol, Chem.y 69, 611 (1926), and 75, ^6 
(1927). Smith, A. H., and Bing, F.C.,y.jVw/nnon,l. 179 (192S-29). Anderson, W. E., 
and Smith, A. H., Avi. J, Physiol,, 100, 511 (1932). Bryan, A. H., and Gaiser, D. W., 
‘‘Diet and pituitary hormone on growth,” Am, J . Physiol,, 99 , 379 (1931-32). 

CJ. Baton, D. N., and Findlay, L., “Poverty, nutrition and growth,” Medical Re- 
search Council (English) Special Report 101, 1926. . r 

C/. Biehl, W. C., “Early inanition and the developmental schedule m the rat, J * 

Comp. Psychol,, 28, 1 (1939). 
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16.38. Advanced Registry dairj' cattle receive better care and feed, and they 
approach their maximum milk yield and weight at an earlier age. 

Emplovdng chemical terminologA', increasing the effective concentration of 
the growth-limiting constituents (food) in the system increases the velocity, 
k, of the process (growth). The growth velocity, k, of the poorly fed rat of 
Donaldson (Figs. 16.31 and 16.32) is 0.0135, but that of the well-fed rat of 
Osborne and Mendel is 0.0266; thus the speed of approach to the mature value 
is twice as great in the rats on the better diet. 

Nutritional aspects of growth are discussed in Chapter 20; endocrine aspects, 
in Chapter 7 ; seasonal aspects, in Chapter 8; temperature aspects, in Chapter 
11 . 



Fig. 16.57a. Robertson's theo- 
retical autocatalytic monomo- 
lecular cycle representing the 
time rate of gain, dW jdi, as 
function of time. Note its sym- 
metry about the center. Actual 
“growth cycles” are not so 
symmetrical. 


Fig. 16.57, from Walton and Hammond,^^ is a dramatic illustration of 
spatial effect on growth— how the size of the mother influences the prenatal 
size of the offspring. The parents were the giant (1800 - 2400-lb or 800 - 
1000-kg) Shire and the dwarf (540-lb or 200-kg) Shetland. The cross foals 
from the giant mother and dwarf father were three times the size of the cross 
foals from the d\yarf mother and the giant father. The maternal-environ- 
mental limitation masked the genetic differences during the prenatal period of 
gro\\i.h. After weaning, however, the genetic influence came into its o^^^l. 
The cross foals of the dwarf mothers grew much more rapidly than Shetlands 
and the growth curves of the two crosses tended to converge to a common 
mature weight. Byerly^ reported similar results by hybridizing bantam 
silkies and Rhode Island Red chickens. 

16.7: Note on the relation between average and individual growth curves. 
A fundamental characteristic of living organisms is that they are alike in 
general plan and different in detail. There are two corresponding schools 
of biologists, one of which emphasizes the average and general and the other 
the individual and particular. The rapid development and diffusion of 
statistical techniques in the biologic as well as in the physical sciences tends to 
emphasize average and the general; on the other hand, great discoveries and 

Walton, A., and Hammond, J., Proc. Roy. Soc. London^ 125B, 311 (1938), and in 

several other publications. 

36 Byerly, T. C., ei al.y J. Exp. Zool.y 78, 210 (1938). 
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concepts of biology have resulted from scrutiny of the individual, of the detail. 
Thus the concept of natural selection emphasized differences between in- 
dividuals ; the notion of gene is an individual one ; so is the concept of mutation. 
Both approaches are useful, depending on the opportunities and aims. 

Davenport’® investigated the relative significance of individual and average 
growth curves of children with special reference to the adolescent growth spurt . 
He found that adolescent growth acceleration is often explosive, occurring 
at any time between 1 1 and 17 yeare. It may be sharp or fluctuating, high or 
low. Environment could not be the chief factor because great variations 
were observed between brothers reared in the same home. 


Fig. 16.57b. The time course of oxi- 
dation of linseed oil under various 
conditions, a familiar autocatalytic 
process resembling growth curves. 



Davenport believes that the average increment curve not only resembles the 
Gaussian (probability) distribution curve, but is a Gaussian curve. The peak 
of the average increment curve Ls at 14.5 years; individual growth spurts are 
distributed around this average. The frequency and amplitude of the spurts 
diminish on each side of the peak. Similar results were reported by Boas,^ 
Gray,^® and others (Fig. IC.GOa). MerrelF® reached a similar conclusion for 
rabbits. The Pearl-Reed logistic was fitted to individual and average growth 
curves of rabbits. The average differed in fundamental characteristics from 
the separate curves. Significant undulations observed in the average were 
absent in the individual growth curve. Undulations and changes in skewness 
are often the result of the averaging process, unrelated to the biology of growth. 
In brief, the growth process in an individual is not the smooth sigmoid curve 
represented by average curves. Tlie average curve represents properties of 
the mathematical averaging process often absent in individuals. A consider- 


able literature_is being developed on individual growth by the “longitudi- 
nal” method consisting of seriatim observations^® of the same individuals. 

Davenport, C. B,, Proc. Am. Philosop. Soc.y 70, 381 (1931). 

Boas, F., Science^ 72, 44 (1930). 

” Gray, A, H., Roy. Phil. Soc. Glasgow, 40, 139 (1909). 

“Merrell, M., //wman Bfoiopy, 3, 37 (1931). r m i a n 

«Scammon, R. E., “Seriatim study of human growth,” Am. J. Physical Anthrop., 

10 , 329 (1927). 
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16.8: Growth of the hui 


M 


an population in the United States. 


In the next 25 years the population of the Island will be 28 million, and the 
means of subsisence only equal to the support of 21 million. In the next 
period, the population would be 56 million, and the means of subsistence just 
sufficient for half that number. R. Malihus, 1798. 


It may be surprising to learn that tlie growth of the human population has 
the same shape and may be represented by the same equations as the growth 
curves of individual animals and of populations of bacteria, yeast, and flies 
confined to a limited space. Yet this appears to be true, and attention has 
already been called to this similarity (Figs. 16.4 to 16.5, 16.15 to 16.16, 
16.56a to c, and 19.32). 



Fig. 16.58. The Verhulst-Pearl-Reed “logistic^* growth equation. Compare to Fig. 
16.4. 

I 

As we have seen, the time curve of growth — of individuals or populations — 
is composed of a segment of increasing slope and a segment of decreasing slope, 
with the inflection occurring at a critical period, flowering in plants, puberty in 
animals, and the end of a “free frontier” or some other critical era in population 
growth. Now Malthus' statement of the tendency of human population — 
in common with other populations — to increase exponentially, that is in a 
geometric progression, in this case doubling itself every 25 years, is correct 
for the period of unrestricted giwvth, for the segment of increasing slope. 

This, indeed, is the history of the population growth in the United States 
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between 1660 and 1880, as shown in Figs. 16.16 and 16.56. During these 
220-odd years the population doubled itself eveiy 23;/ years, quite close to 
Malthus’ estimate of 25 years. The rate of this doubling is also shown by 
Curve 3, Fig. 56c; the doubling curve is quite horizontal, near 25 years be- 
tween 1660 and 1880; the population increased at the rate of 2.96 per cent 
about 3 per cent — per year. 

Malthus, however, committed a common extrapolation error in saying that 
“in the next period, the population would bo 56 million”. 1 he realization of 
the inherent tendency to grow, to increase in a geometric progression, at a 
constant percentage rate, occurs only when the cn\'ironment does not I'estrict 
growth, a condition offered by the United States up until about 1880. 1 here- 

after the expansive urge for geometric-progression increase is held in check 



by environmental limitations. Thus in the United States, closing of the fron- 
tiers, closing of the free-land era, shifting of the population from the farm 
(where wife and children are economic assets) to the city (where they are 
economic liabilities), increasing the period of education, increasing wants 
(automobile, radio and other gadgets) may all be considered as environmental 
limitations. Man is governed by man-made psychological factoi-s by 
fashions, if you please -even more than by intrinsic animal urges. Else- 
where, perhaps in India, China, and the Middle East, and so on, starvation 
and famines hold the population in check. Disease ravages may keep in 
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check overcrowded populations**^ In the United States and other western- 
civilized countries, the limitation of the population is not usually caused by 
famine or plagues, but by more subtle factors, at least among the middle and 
upper classes sensitized to their operations. The “lower’' classes are less 
attuned to the shifting of economic and psychologic winds and their reproduc- 
tive pattern is more pei'sistent, more stable"*^; but they suffer a higher infant 
mortality*^. 



The neuro-psychologic sensitiveness of our population to overcrowding re- 
calls Pearl’s observations^^ on the influence of overcrow'ding of flies, Drosophila 
in a half-pint bottle. All conditions w'ere constantly favorable except the 
number of insects per bottle. 

4 

“Only one out of every five children born in Teheran lives to the age of six . . . The 
real public health problem, of course, is poverty.” — W. L. Willkie, “One World,” Simon 
and Schuster, 1943. 

For statistics on differential sex activity and child-bearing, see Pearl, R,, “The 
biology of population growth,” Knopf, 1925. “The natural history of population,” 
Oxford University Press, 1939. 

Stopes, Marie, J, Roy. Stat. Soc., 88, 85 (1925) : both pregnancy and child mortality 
increase with increasing poverty and ignorance. 

« Pearl, R., et. aL, J. Exp. Zool, 5, 57 (1932); ^m. Naturalist, 61, 289 (1927). Also, 
Adolph, E. F., “The size of the body and the size of the environment in the growth of 
tadpoles.” Biol. Bull., 61, 350 (1931); Bilski, F,, “Lebensraumes und Wachsturas,” 
Pfluger^s Arch., 188, 255 (1921); Goetsch,W., Zool. Jakrb, Abt. allg. Zool. u. Physiol., 45, 
799 (1928), and others. 
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The effect of density of population upon iiniULHliate. . . . The same 

flies were exposed to conditions of higli density in alternatinji; twenty-four hour periods. 
The rate of egg production per female per day was higher in the low-density j)eriods than 
in the high. The view is developed . . . that crowding produces the ol)served effect on 
rate of egg laying primarily ... as a result of a collision or interference action of the 
flies upon each other, which alters the normal physiologic eciuilihriuni and processes 
of the individual, particularly with reference to three major functions— food intake, 
energy input in muscular activity, and oviposition. 


We see here the operation of an elegantly delicate homeostatic mechanism 
for holding the population in check not involving the crude, cruel, ravages of 
starvation, disease, and attack of enemies, as we find under natural conditions. 



AGE, MONTHS 


Fig. 16.59c. Wciglit increments in growing cattle. 


It appeals that the shape of the growth curve of Unites States population, 
especially of the more sensitive middle and upper classes (Fig. 1(5.56) is molded 
not by starvation, plagues, attacks of external enemies but by homeostatic 
mechanisms psychologic in nature, analogous in delicacy to that operating in 
the population of Dvosophila confined in a half -pint bottle in the piesence of 
abundant food, air, and absence of disease and natural enemies. 

As previously noted, the situation is different in some human populations, 
especially in Asia; and even some highly civilized European peoples prefer 
(consciously or unconsciously) the overflow and war methods of homeostasis 
for keeping the population in check in accordance with the general law of 

sigmoid growth. 
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The overflow method of taking care of surplus population, of the urge to 
reproduce indefinitely in a geometric progression, is illustrated, on a small 
scale, in all its terrible drama in the periodic overflow of the lemming, a 
species of field mouse . These animals breed in the upper altitudes of N orway , 
and every 3 to 4 years the population becomes too great for its normal habitat. 
So it overflows, and following the path of least resistance, migrates down 
the valley in search of food, finally reaching the sea where it drowns in coimt- 



AGE, MONTHS 

Fig. 16.59d. Height increments in growing cattle. 

less thousands. Folk-lore has it that they migrate for ideological reasons, in 
search of a sunken Atlantic continent. 

16.9: Comparison of our growth equations with some others. The age curve of 
growth in weight or in cell number when plotted on arithmetic paper consists of (1) a 
segment of increasing slope, a self-accelerating phase, reflecting predominantly the 
expansive drive to grow in geometric progression; (2) a segment of decreasing slope, a 
self-inhibiting phase, reflecting predominantly the back pressure of the environment 
on the expansive drive. 


Elton, C. S., “Voles, Mice and Lemmings, Problems in Population Dynamics,” 
Oxford, 1942. 
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During phase (1) the growth rate, dW/dl, tends to be proportional to the growth 
already made, to the weight, ir, of the animal, as given by the ecjuation 


dW/dt = kW 


(5) 


This segment, however, shows several discontinuities or “breaks,” analogous to meta- 
morphosis. , . 1 , I II 

During phase (2) the time rate of growth tends to be proportional to the available 

“living space,” to the difference between the present weight, ir, and the mature weight, 
A, as given by the relation 

(9) 


dW/dt = - ir) 



CMS 


10 iS 

age. MONT riS 

Fig. 16.59e. Chest increments in growing cattle. 

On integrating the growth increments dW for the corresponding time intervals dt. 
the weight! W, of the animal is given as function of age, t. For equation (5) the inte- 

grated equation is 

( 8 ) 


W = A^‘ 


and for equation (9), 


W = A - Be 




( 12 ) 


The numerical values of k have definite physical meanings; lOOt is the percentage 
growth rate with respect to the growth already made (weight of the animal) in equations 
(5) and (8) and with respect to the growth yet to be made in equations (9) and (12). 
(Another physical definition of fc: in equation (5). dW/dt = k when IF = 1; in equation 

^^^SpS emidmairis^^placed on the fact that equations (5) and (9) do not represent 
growth rate L explicit functions of time, but of the condition of the growing system 
ftscU Time is merely a frame of reference (Chs. 10 and 19) introduced as matter of 

convenience during tl»c integration process. 
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Most other equationb in the literature, on the contrary, represent growth rate as an 
explicit function of time. Thus the Pearl-Reed^® logistic equation is 


dW / di = k\t -|- -j- * * *)• 


Likewise the Glaser^" equation is 


dW/di = k 


1 


2t + 1 


W y or log W = k log (2/ -f- 1) -f- c 


The Glaser equation indicates that fl»o percentage (or logarithmic) gain between, for 
example, the fifth and sixth day of growth of the chick embryo is proportional 



to — = — , and so on for each successive day; it is proportional to the difference 

6 * — 5 * 11 

between the squares of the final and initial age intervals. In equation form it may be 

dW KW K . . H \ 

written -t~ = ■— — or log W — ^ log ty or log W = k log (2t + 1) + c, in which ^ * i 

dt 2^2 4$ f 

The MacDowell-Murray-Schmalhausen equation^* 

log W — k log {i — n) c 


is in principle identical. with the Glaser equation. 


Pearl, R., and Reed, L. J., Metroriy 3, 1 (1923), and many other papers. 

Glaser, O., BioL Rev.y 13, 20 (1938), and Growlhy Supplement, p. 53 (1940). 
MacDowell, E. C. and C. G., Gates, W. H., and Allen, E., J, Gen. PhysioLy 11, 57 
(1927), and 13, 529 (1930), Murray, H. A., Jr., /d., 9, 39 (1925). Schmalhausen, I., ArcA. 
Eniwicklung^mech. Organ. y 110, 33 (1927), and 124, 82 (1931). 
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These equations seem to be illogical because they are explicit functions of time rather 
than, as our equations (5) and (9), functions of tiie condition of the system itself. 

It is natural to assume that time is an element of tlie growth process because growth 
is correlated with time. But it is well known that by appropriate exi)erimental proce- 
dure, the growth process may l>e delayed or accelerated, whereas time, of course, con- 
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L = late maturing. 

tinues to (low at a uniform rate. Thus, Osborne ami Mendel succeeded in arresting the 
growth process in the albino rat from the age of about 2 to \i months; then when the 
animals were placed on an adequate diet, growth was resumed at a rate which was char- 
acteristic of the species for the given ivciyht, and not for the given age. 1 his statemen 
is substantiated by the excellent fit of equation (9) or (12) to the data of Osborne and 

Mendel as shown in Kig. 19.16. 



558 


BIOENERGETICS AND GROWTH 


$ 


The above MacDowell-Murray-Schmalhausen equation shows that the logarithms 
(or percentages) of size vary directly with the logarithms (or percentages) of time. 
It is logical to assume that the number of cells increases logarithmically, that is, in 
geometric progression; but it does not seem logical to assume that time flows logarith- 
mically. 

We have been criticized for assuming the presence of discontinuities, “breaks,” in 
the age curve of growth during the self-accelerating phase. But the critics^ equations 
likewise represent only limited segments of the curve. The presence of discontinuities 
in the growth curve was also substantiated directly by Lerner,^® Romanoff,®® and others. 
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It is illogical to object to the presence of relative discontinuities in the growth curve 
when their presence in the individual (metamorphoses, most conspicuously in cold- 
blooded animals) and in the race (emergent evolution) are generally known. When 
external conditions are equal, growth exhibits general statistical continuity in its path 
toward a certain equilibrium, but within this general continuity there appear to be 
detailed discontinuities. 

The use of equations for representing growth has been criticized because they do not 
give insight into the detailed growth mechanisms. Neither does the law of gravitation 
explain detailed mechanisms of gravitation; it only claims rational meaning for its 
constants. The equations we employed represent regularities, namely that the growth 


Lerner, I. M., iSicicncc, 89, 16 (1939). 
Romanoff, A. L., Science, 70, 484 (1929). 
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rate tends to be directly proportional to the number of reproducing cells or to the avail- 
able “living space” and the equation constants have definite, rational, pliysical meaning. 
If the value of k in our equation is constant, it means, by definition, regardless of theory, 
that the percentage growth rate is constant during a given time interval. If the value 
of k changes, the percentage rate of growth changes. The use of this equation to describe 
data is intended to assist and to guide, not to replace experimental analysis, as has been 
mistakenly suggested. Experimental and mathematical analyses, like other action and 
thought, are mutually supplementary. 


% 



Fig. 16.61. Age changes in the ratios of size of girls to boys. At birth and at age 13 
years girls are about 6 per cent heavier than boys; on approach to maturity the boys 
overreach the girls to the extent of about 20 per cent for weight and 8 per cent for height. 
(See Chapter 7 for endocrinological mechanisms.) 


On the basis of physico-chemical considerations of the growth process, Robertson^* 
inferred that growth is an autocatalytic process and that the velocity of growth may be 
limited by a monomolecular autocatalytic chemical reaction, given by the equation 

dW/dl = kW(A - W) 

% 

% 

indicating that the velocity of growth is a function of both growth already made and 
growth yet to be made. 

This equation represents a symmetrical curve, while growth curves are not usually 
symmetrical; that is, the inflection does not occur in the center of the curve (Figs. 16.57a 
and b). Attempts to rationalize this®* - ” lead to practical difficulties. For this reason 
we broke up the curve into its components and represented them by the equations 
dW/dt = kiW and dW/dt = ki(A — IF), which proved successful in our hands as indicated 

by the many curves in this chapter. 


“ Robertson, T. B., “Chemical basis of growth and senescence,” Lippincott, 1923. 
Crozier, W. J., J* Gen, Physiol, ^ 10 , 53 (1926). 



}Ui>i:\KRGi:TIC.‘< .\\D GfiOWTII 


5i;o 


Ta ovorcoriK’ fho .lilliciilt y of asyinmofrv in Hobortson’s o(iu;ition, Poarl arui 
(‘on\'f‘i t <'il it to ;i potential s('ri(*s futrni )n of’ tirno, /, <iivon 1)V the rolatiort 


(IW/df 

IK.., - „ ) - + 


+ tK". 


ainl Rno.l i-oncriiMai with tlu* intc^ratoci foian of (his (*((U<ation, namely 


ir = ^/ -h 


1 -h 



FIK- 10.02a. Measuring the heij^ht of witliers at the highest j)oint. The horizontal 
arm and vertical arm of (lu* measurinji device are equij)j)ed with l)nilt»in spirit levels 
to helf) k(a‘p the* measuring; rod in. strictly vertical position. 

'They ftmnd it (Oastic enough to fit th(' growth curve of the rat. but only beginning with 
10 days after birth, as shown in Fig. 10.58. It does not rei)r(*sent the curv’c from con- 
ception to 10 days following birth, the most important developmental stages in the life 
history. 'I'he numerical values of the constants, A', Ai , A-^ • • • change with the number of 
constants (*mploy(*d. Hence, one cannot give definite, numerical meaning to the con- 
stant, and it is tluTefore. from our special viewpoint, irrational. 

,\nother well-known growth ecpiation is that of Gompertz^^ 


11' - Ae 


— ^ 


Pearl and Reed,^® and many other papers. 
Gompertz, S., Phil. Trans. Roy. Soc., p. 522 (1825). 
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in which 11 is the size of the organism or population at time ^ A is maximum size, and e 
is the base of natural logarithms. It is also written as W = Ae^^^^ 

Its many constants make it a potential series, and it is tlierefore meaningless from 
our viewpoint. It states that for a given growth cycle the logdogs of the percentage of 
growth increase directly with time. Courtis^^ employs this equation widely for growth. 

Many other equations have been proposed which we have not discussed, partly be- 
cause they fail to meet the criterion of definiteness and rationality of meaning of the 
constants (vSect. 10.10). 



Fig. 10.02b. Mcuisiiring heart girtli. 


In summary, it does not ap[)ear po.ssible to represent th(‘ entire* groutli curve by one 
eeiuation, not ever» by the very plastic potential series cfpiation.s. In other words, 
growth curves appear to have metarnorpliosis-like discontinuities^''^- 


(.'ourtis, 8. A., Growth, 1, 155 (10:i7). 

Davenport, (’. Ih, “Human metamorphosis,'’ .1///. ./. Physical AnthropoL, 9, 205 
(1920), and ./. Gen. Physiol., 10, 205 (1920). 

Knibbs, J. H., J. Am. Stat. Assn., 21, (1920), and 22, -19 (1927), rei>orted that the 

time curve of human populations show breaks. For other critical discussions of growth 
equations, see Vule, (i. V., J. Roy. Stat. Soc., 88, 1 (1925) ; (.'rozier, W. 3.,J. Gen. Physiol., 
10, 53 (1920); Gray, J., Brit. J. Exp. Biol., 6, 218 (1928-2t);; Wilson, K. H., and Puffer, 
K. R., Am. Ac. Arts and Sci., 68, 285 (1933). 
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motion.*’ 


published ;m elaborate, perhaps rational, analysis of growth as a “mode of 
rnfortunately, the writer is not able to follow his <letailed analyses. 


16.10: Summary. Growth k .self-multiplication of reproducing units, 
either of individuals in a i)opulation or of cells in a multicellular organism. 
Growth curves of populations and of multicellular organisms are remarkably 
similar. 



Fig. lG.62c. Mciusuring the distance from a point of shoulders to ischium. 


Broadly speaking, the growth curve is molded by two factoi’s: (1) an ex- 
pansive drive tending toward expansion of self or kind, to multiply indefi- 
nitely, and (2) an environmental i)ressurc which keeps the expansive urge 
under (a)ntrol. 

l^arly in the history of the individual or poi)ulation when growth is un- 
re.stricted by the environment, the percctilage growth rate tends to remain 
constant as represented by the rate equation, d\V/dl = ArlF, or by the cumula- 
tive etiuation, IT = The i)roportionality constant, k\ is the relative, 

or when multiplied by 100, the percentage growth rate of the population or 
individual under the given conditions, computed on the differential or in- 
stantaneoius-rate basis. 

The insUinlaneoHs percentage rate, lOOA*, of growth in the earliest, unre- 
.stricted, phase of growth is in the chick during the first 5 days about 100 per 


Wetzel, N. C., Growth, 1 , 6 (1937), and many other papers. 
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cent per day (doubled in 17 lioui's), and ])rt)l)al)ly also in the labbit, mouse, 
rat, monkey, and guinea pig. 'fhe instantaneous rate of growth of a pumpkin 
under field conditions was 40 per cent per week (doubled in weight in 1.7 
weeks); of a wheat plant, 74 jier cent per ireek' (doubled in 0.91 week); of a 
barley plant, GO per cent per nrek (doubled in weight in 1.2 weeks).' 

During the unrestricted pliase of populalion (fvowlh the instantaneous per- 
centage growth rate was 185 per cent per hour (doubling in 0.37 hour) for B. 
coli at 37° 47 per cent per tiour (doubling in 1.5 hours) for lactic-acid nc- 





Measiiriiij' tlio width of hips. 

cumulation in milk hy li. t. a. at 25° (’: 2.9 per cent |)C]' year (douhleil in 21 
yeans) for the growth of the human population in the I'nited States during 

KJGO- 18(11), and so on. 

After the individual or tli(> population attains a certain size, the environ- 
mental limitation retards th(“ intrinisic growth rate and the slope ol ttu' growth 
curve is reversed from increasing to decreasing. 'I'his slope reversal coincides 
with puhertv in animals, flowering in {daiits, and with a tetuleiicy to oviu- 
erowding in i)oi)ulations. While there is great divei>il,\ in th(‘ thldilcd 
mechanisms actuating the leversal in the shapi' of tlu' (urve, the (j(n(ral 
feature shape of the cun’c is the .same whether the growth is populatitius of 
men or flies trapped in an isolated space, or cells trapped in the body of a 
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multicellular organism. Environmental limitations finally bring the growth 
process to a standstill, although the maintenance aspect of growth continues 
for some time in individuals and may continue indefinitely in populations. 
Cessation of growth in individual organisms always leads to senescence and 
death (Ch. 18). A siinilar fate of senescence and death overtakes some 
Ijopulations in some cn\-ironments, such as of yeast in fermenting juice or 
lactic-acid organisms in milk. Populations which are members of broader 
cycles, such as mice or men, are apparently able, in the absence of some 
catastrophe, to reproduce and thus “keep the population young” indefi- 
nitely (at least in theory). 

The rate of growth following the permanent reversal or major inflection in 
the slope of the age curve is no longer proportional to the existing size, W , of 
the population or organism, but to the available “living space”, reflected 
by the growth yet to be made, represented symbolically by A — W, in which 
A is the mature or maximum value of the population or of the individual. 
The instantaneous growth rate during this period is consequently represented 
by the rate equation dW/dt = k(A - TP) ; or the total population or organism 
size at age t is given by the integral equation W = A — 5e*'. The pro- 
portionality constant k is the relative or, when multiplied by 100, percentage 
growth rate in respect to growth yet to be made to reach the mature size A, 
as contrasted to the k for the early, unrestricted, phase of growth which repre- 
sents the relative growth rate with respect to growth already made, to the 
size, W, of the reproducing population or organism. 

The numerical value of k for the phase of growth following the major in- 
flection in the curA’e tends to vary with the mature size of the population or 
organism. It is 0.04 to 0.05 (that is, 4 to 5 per cent) per month in cattle 
(80 to 100 months required to reach 98 per cent mature weight) ; 0.35 to 0.70 
per month in rats (6 to 12 months required to reach 98 per cent mature weight) ; 
0.62 to 0.80 per month in mice (5 to 7 months to reach 98 per cent mature 
weight); 0.80 to 1.6 per month in pigeons (3 to 7 months to reach 98 per cent 
mature weight) ; 0.025 per year in humans (18 to 25 years to reach 98 per cent 
mature weight); 0.47 per day in a yeast population-, 0.08 per day in an oat 
plant; 0.26 per day in a squash plant, and so on (Table 16.1). 

It is evident that the mass-action principle may be applied to both early 
(self-accelerating) and late (self -inhibiting) phases of gro^^'th. In early 
growth the rate of growth tends to be proportional to the growth already 
made, W, and in late growth to the growth yet to be made (A — W). 

The principle of mass action is applicable to many non-biologic types of 
growth, such as to the rate of increase of an inorganic product in a chemical 
reaction. Indeed, the principle of mass action was originally formulated by 
Berthollet (1799) and substantiated experimentally by Wilhelmy (1850) 
for chemical reactions in vitro, and, independently, by economists for economic 
processes in the form of the law of diminishing returns (Ch. 5). The expansion 
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of many economic enterprises tends to follow a course similar to growth with 
early, apparently unlimited (self-accelerating) prosperity, gradually shifting 
into an era of diminishing returns. The mechanisms in these various processes 
are, of coui-se, very different in detail but very similar in general plan (Ch. 5). 
The inherent limitation of the universe controls any type of indefinite ex- 
pansion. 

The equations of the two segments of the time curve of growth, as for chem 
ical reactions, may be combined into one equation, dW/dt = ^ll'f/l - TF), 
which represents the rate of the autocatalytic monomolecular reaction of the 
physical chemist, widely used with slight modifications by Robertson and 
Wolfgang Ostwald, which attracted much attention and exerted great in- 
fluence on the growth literature. Many modifications of this equation have 
been used by adding constants, thus turning it into a potential scries, plastic 
but less meaningful. No equation has been found to represent the whole of 
the growth cycle of animals, although the Robertson-Ostwald and the Ver- 
hulst-Pearl-Reed equations were meant to be such. The actual growth curve 
shows breaks, illustrated most dramatically by metamorphosis in cold-blooded 
animals (from tadpole to frog, from larval to fly stage), birth, hatching and 
puberty in warm-blood animals, and change from aquatic to terrestial modes 
of respiration in birds (chicks during the 18th day of incubation). There 
appear to be similar irregularities in the growth of populations. For this 
reason, we prefer to break up the age curve, as far as possible, into its signifi- 
cant constitutent segments and employ separate equations with rational, 

clearly defined, constants to represent each segment. 

Discussions are presented on genetic growth constants, together with numer- 
ical values of mature size of different species of animals, and times required 
to reach different fractions of the mature weight; on the relation between 
average and individual growth curves; and on some common factors influ- 

encing growth rates. 

These equations are used in Chapter 19 for evaluating growth equivalence. 

16.11: Appendix. This section contains several sets of numerical growth 
data, some genetic growth constants, and several charts which could not be 

included in the text. 

Growth of dairy cattle. These data are based on IVIissouri Station Bulletin 
336, 1934, by Ragsdale, et al, and are also presented graphically in terms of 
weight and height as functions of age, and also in terms of gains per month 

(Figs. 16.59a to f). 

We published a great deal of data, with their sources, on growth of various 
laboratory and farm animals in Missouri Res. Bui. 96. It would take too 
much space to reproduce them in this book, l)ut most of them are represented 
in graphic form in the text of this chapter. Moreover, readers not familiar 
^vith the various chusses of laboratory and farm animals will not appreciate 
the significance of the numerical data. However, everyone appreciates the 
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significance of weights and heights of children; so the most recent data 
on growth of children are here presented, both for the average of all children 
measured (average of about 700 for each age) and for ‘^early maturing” and 
‘Mate maturing” (those having the “prepubertural acceleration” early and 
late). 

Shuttleworth, F. K., “The physical and mental growth of girls and boys age six to 
nineteen in relation to age at maximum growth,” Monographs of the Society for Research 
in Child Development, Vol. 4, no. 3, Serial 22, 1939, National Research Council, Washing- 
ton, D. C. For ages 1, 2, 3, 4, and 5 years, the data are after R. M. Woodbury, U.S.D. 
Labor, Children’s Bureau, Pub. 87, 1921. 

For the compilation of most available data on growth of children, see Baldwin, 
B. T., “The physical growth of children from birth to maturity,” Univ. Iowa Studies 
in Child Welfare^ 1, no. 1 (1921). 


Growth of Children 


% A 

Weight 

Height 

Weight (kg) 
comparisons of early 
and late maturing* 

Height (cm) 
comparisons of early 
and late maturing* 

Age 


A 




t 

k 




1 




1 


years 

Boys 

Girls 

Boys 

Girls 

Boys 

Girls 

Boys 

Girls 













V 




V 




4 

♦ 

B 

c 

S 1 

e 

U 


U 

tfd 

w 



a 

a 






U 

■V 

u 


u 


bi 




U 


1 

9.6 

21.2 


19.9 

74.6 

29.4 

73.0 

28.7 









2 


26.5 


25.2 

85.4 

33.6 

84.0 

33.1 









3 


30.8 

13.4 

29.6 

93.2 

36.7 

92.0 

36.2 




1 

i 





4 

15.6 

34.4 

15.0 

33.1 

99.6 

39,2 

99.0 

39.0 









5 

17.2 

37.9 

16.7 

36.8 

105.7 

41.6 

105.0 

41.3 









6 

19.8 

43.6 

19.0 


111.5 

43.9 

110.4’ 

43.5 

22.4 

17.4 

21.2 

17.8 

115.6 


112.7 


7 

22.2 

49.0 

21.5 

47.4 

117.6 

46.3 

116.3: 

45.8 

25.5 

19.3 

23.8 

20.0 

122.3 

112.5 

119.2 

113.3 

8 

24.8' 

54. 8i 

24.0 


123.3 

48.5 

122.0 

48.0 


21.2 

26.8 

21.9 

128.5, 

117.91 

125.4 

118.8 

9 

27.5 

60.7 

26.6 

58.8 

128.8 

50.7 

127.4 

50.2 

32.1 

23.4 

30.2 

23.8 

134.2 


131.5 

123.6 

10 

30.3 

66.8 

29.7 

65.4 

133.9 

52.7 

132.8 

52.3 

36.2 

25.7 

35.0 

26.5 

139.7 

128.1 


128.1 

11 

33.4 

73.6 

33.5 


138.8 

54.6: 

138.7 

54.6 


27.8 

42.4 

29.1 

145.8 

132.5 


132.7 

12 

36.8 

81.2 

38.3 

84.5 

143.8 

56.6 

145.2 

57.2 

47.8 

30.3 

48.5 

32.1 

155.2 

136.8 

153.7 

137.2 

13 

41.2 

90.9 

43.7 

96.3 

149.6 

58.9 

151.4 

59.6 

55.8 

32.9 

52.1 

35.2 

164.9 

141.4 



14 

46.8 

103.1 

48.2 


156.4 

61.6 

155.6 

61.2 


35.8 

54.6 

40.2 

169.8 

145.3 

157.3 

148.4 

15 

52.9 

116.7 

51.5 

113.6 

163.1 

64.2 

157.8 

62.1 


38.5 

55.5 

45.3 

171.7 

149.5 

157.7 

154.6 

16 

58.4 

128.6 

53.2 

117.4 

168.3 

66.3 

158.8 

62.5 

67.3 

43.4 

56.6 

48.9 

172.5 


157.8 

157.5 

17 

62.2 

137.1 

54.2 

119.5 

171.3 

67.5 

159.3 

62.7 



56.9 

50.6 

173.1 

163.9 

158.1 

158.7 

18 

64.9 

143.1 

54.7 


173.0 

68.1 

159.6 

62.8 


156.4 

56.0 

52.2 

173.3 


158.4 

159.2 

19 

66.7 

146.9 


121.3 

173.8 

68.4 

1 

159.6 

62.9 

1 

1 

■ 








••r.ariy ana lave maturing reiers, respeciiveiy, to eariy ana late iim.ximai gain, 
MG. For boys early MG was observed at 12 years, late MG at 17 years; for gkls early 
MG was observed at 10.5 years, late MG at 14.5 years. 
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Table 10.1. Genetic Growth Constants 


Anima 


(Mature Wl.) 


(*«.) 


Beef caiile 

(Moulton ei a?., Missouri 
data). Hereford- 
Shorthorn, castrated 

males 

Dairy caiile 
(Eckles et ai., Missouri) 
Holstein-Friesian, fe- 
males 

Ayrshire, females 

Jersey, females 

Dairy cattle 

Register of Merit Jersey 
Cattle, females, Mis- 
souri compilation 

Horses 

Trowbridge and Chit- 
tenden (Missouri 
data) 

Percheron, females 

Males, castrated 

Swine 

(Mumford et al., Mis- 
souri) Duroc -Jersey, 
females (early breed- 
ing data) 

Sheep 

Hampshire, males 
(Trowbridge et al., 

Missouri) 

Suffolk females (Mur- 
ray) 

Shropshire x Merino, fe- 
males (Murray) 

Rabbit 

(Minot) 

Females 

Males 

Males and females 

(Castle) 

Flemish 

FI Himalayan x Flemish 
FI Polish X Flemish . . . 
FI llimalayan x Polish. 

Polish 

Doinesticfowl 

(Kempster el al., Mis- 
souri) Females 

Rhode Island Red 

Plymouth Rock 
Rhode Island White. . . 

White Leghorn 

Ancona 


1100 


550 

460 

420 


436 


678 

636 


200 


90 


80 

50 


3.9 

3.0 

3.2 

2.8 

2.5 

2.0 

1.4 


(/ft.) 


2425 


3.56 

3.40 

3.00 

2.20 

1.65 


1215 
1014 
926 


961 


1493 

1400 


441 


198 

176 


no 


6.5 

6.5 

7.1 

6.2 

5.5 
4.4 
3.1 


H 

1 

( 

{Per- 

rentage 

of 

nonthly 

Jccline) 

/• 

Age* 

concci 

tm 

2- 

E.^ 

O 

^ I 

ihg.) 


(mo5). 

(mos.) (r 

1600 

3.47 

10.7 : 

31 5 

805 

4.6 

8.3 

23 3' 

725 

5.0 

9.1 

23 3 

680 

5.4 

8.9 

22 3 

441 

5.0 

0.2 

14 2 

1677 

8.2 


19.5 2 

1501 

7.8 


19.9 2 

260 

6.2 

4.4 

15.0 2 

170 

13.6 

4.7 

9.8 1 

200 

18.5 


8.7 1 

120 

18.8 

4.7 

8.3 1 

4.6 

15.3 

1.1 

5.6 1 

3.9 

25.3 


3.9 

8.0 

43.4 

2.7 

3.7 

9.2 

44.7 

2.2 

4.2 

11.0 

49.2 

3.0 

4.4 

7.0 

47.4 


4.1 

3.3 

43.4 


3.6 

i 5.2 

16.6 

2.28 

6.5 : 

) 5.43 

19.5 

imSi 

6.0 

L 4.65 

20.6 


5.5 

) 3.25 

18.0 

2.17 

09 

1 4.0 

34.4 

2.57 

4.6 


V 

u 

* 
I-** 


2- 
ftj=- 
C ^ 
. V 

00 

O' 


{mos.) \(mos.) 


124 


193 

87 

81 


78 


26.0 67.0 


15.0 33.2 
12.5 26.0 
12.2 25.3 


6.6 16.6 
5.3 11.1 


5.8 

5.8 

5.6 

5.2 


11.4 

11.0 

10.9 

11.0 


9.5 

8.9 

9.9 

6.6 


25.9 
22.5 
21.1 

23.9 
15.0 
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Table 16.1 (Continued) 






100i» 

(Per- 


Age* (from 
conception) at 

Animal 

A 

(Mature Wt.) 

4 

B 

centage 

of 

monthl> 

decline) 

t* 

f 

V 

3 

e.sp 

0 

1 

• 

1 

75% mature 
weight 

98% mature 
weight 

Domestic fowl — Cont. 

(Jull, U. S. D. A.) 

Rhode Island Reds, 
males 

ikg.) 

4.6 

(/*•) 

10.1 

(kg.) 

6.7 

21 

(mos.) 

1.8 



(mos.) 

20.4 

Rhode Island Reds, 
males 

4.2 

9.3 

5.6 

24 

1.2 

4.1 


17.5 

Rhode Island Reds, cas- 
trated males 

4.2 

9.3 

4 

5.6 

24 

1.2 

4.1 


17.5 

Rhode Island Reds, 
females 

3.6 

7.9 

5.3 

17 

2.3 

6.4 


23.2 

(May R. 1. Station) 
Cornish, males 

2.8 

6.2 

4.6 

24 

2.1 

5.0 

7.9 

18.4 

Cornish, females 

2.1 

4.6 

3.2 

22 

1.9 

5.1 

8.2 

19.7 

Hamburg, males 

1.7 

3.7 , 

2.3 

21 

1.5 

4.8 

8.1 

20.1 

Hamburg, females 

’ 1.5 

3.3 

1.9 

17 

1.4 

5.5 

9.6 

24.4 

(May A' \Vaters, R. I. 
Station) 

Brahma, males 

1 

1 

4.1 

9.0 

1 

' 8.1 

25.1 

2.7 

5.5 

8.2 

■ 

Brahma, females 

3.4 

7,5 

7.0 

24.8 

2.9 

5.7 

8.5 


Leghorn, males 

1 2.2 

4.9 

4.9 

33.4 

2.4 

4.5 

6.6 

14.1 

Leghorn, females 

1.8 

3.9 

4.1 

35-0 

2.3 

4.3 

6.3 

13.5 

L X B males 

3.3 

7.2 

13.7 

45.0 

3.2 

4.7 

6.3 

11.9 

B \ L males 

3.1 

6.9 

8.3 

i35.6 

2.8 

4.7 

6.7 

13.8 

L X B females 

2.3 

5.0 

, 13.6 

57.5 

3.1 

4.3 

5.5 

9.9 

B X L females 

2.5 

5.4 

6.4 

35.5 

2.6 

4.6 

6.5 

13.6 

Guinea pig (Castle) 

Fi, Arequipa x Race 
B, m 

1.30 

2.87 

1 

1 

1.95 

19.8 

2.05 

5.6 

9.1 

21.8 

F 2 , Arequipa x Race 
B, m 

1 

1.04 

2.29 

1.46 

20.9 

1.62 

4.9 

1 

8.3 

20.5 

Fi, Cavia cutleri x Race 
B males 

.930 

2.05 

1.60 

27.4 

2.00 

4.5 

7.0 

16.3 

Race B, males 

.870 

1.92 

1.45 

21.7 

2.35 

5.55 

8.76: 

20.4 

Race B, females 

.800 

1.76 

1.59 

24.7 

2.6 

5.7 

8.4 

18.5 

Fi, C. cutleri x Race B, 
females 

.785 

1.73 

1.26 

26.1 

1.8 

4.5 

7.1 

17.0 

F 2 , C. cutleri x Race B, 
males 

.725 

1.60 

1.10 

25.1 

1.66 

4.4 

7.2 

17.5 

Fa, cutleri x Race B, 
females 

.590 

1.30 

1.45 

40.5 

2.22 

3.9 

5.6 

11.9 

C., cutleri, males 

C., cutleri, females 

.400 

.882 

1.7 

52.9 

2.74 

4.0 

5.4 

10. 1 

.333 

.734 

.780 

43.4 

1,96 

5.95 

6 . 95 : 

11. 0 

Norway rat 
(King) 

females 

.290 

.638 

.415 

12.9 

.89 

6.3 

11.7 ; 

n.2 

males 

.385 

.849 

.43 

12.2 


6.6 

12.2 : 

12.4 

Albino rat 

Specially well fed & 
cared for males (Green- 
man & Duhring) 

.350 

.772 

.65 : 

35.0 

1.77 

3.75 

5.73] 

12.9 

Inbred, 7-15 generation 
series (King), males. . 

.335 

.738 

.57 ; 

38.3 

1-4 

3.21 

5.00] 

11.5 

females 

.215 

.474 

.42 ■ 

49.0 

1.4 

2.6 

4.2 
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Animal 


On whole milk and whole 
wheat diet (Sherman 
& MacLeod) . 

males 

females - . ■ 

inbred, 16-25 generation 
series (King). 

Males 

Females 

Stock rats (Donaldson 
ei aL) 

Males /Stock rats'N . . . 
Females V (Ferry) /... 
Control rats for inbreed- 
ing experiments (King) 

Males 

Females 

Stock rats (King) 

Females 

Stock rats (Hoskins) 

Males 

Females ^ 

“Runt” (Series 1, No. 1) 
(King) 

Female 

Normal litter mate to 
runt (Series 1, No. 3) 

Female 

White mouse 
(Robertson) 

Males 

Females 

Albino Mouse 
(Robertson & Ray, 1925) 

Males 

Females 

Pigeon 

(Riddle & Frey) 

Common pigeon, male <!!: 

female 

Ring dove, male & female 


Table 16.1 (Continued) 


(Mature Wt.) 




.330 

.223 


.320 

.217 


.280 

.203 

.270 

.172 

.255 

.189 

.210 

.230 

.166 


.147 


.170 


.0275 

.0235 


.026 

.0228 


.340 

.160 



ilb.) 


.728 

.492 


.705 

.478 


.617 

.447 

.595 

.379 

.562 

.417 

.463 

.507 

.366 


.324 


.375 


.061 

.052 


.057 

.050 


.750 

.353 


lOO/fel 
(Per- i 
centagc 
of 

monthly 

decline) 


T 




52.0 

70.7 


470 , 29.1 
38.3 


40.0 

64.4 
450134.1 

41.8 

33.0 
35.7 

48.5 

81.0 

88.5 


62.1 


460170.7 


62.0 
50 82.0 


.053 67.2 
.041 63.9 



1.40 80 
6 1025 


50 

17 

36 

10 


Age^ (from 
conception) at 


^ 5 : 

o 


d j:: 
c 


E-r 

00 


(moi.) {mos.) (mo) 


.76 

.92 


.03 

.88 


3.03 4.37 9.3 
2.92 3.90 7.5 


3.70 6.08 14.7 
3.05 4.87 11.3 


3.59 5.33 11.6 
3.11 4.18 8.1 
3.55 5.56 13.0 
2.8 4.5 10.5 
3.46 5.57 13.1 
3.0 5.0 10.9 


28 2.7 4.1 9.3 

63 2.5 3.3 6.5 

5 2.2 3.0 5.8 


2.4 3.5 7.5 


2.4 3.4 6.9 


1.88 3.01 7.10 
1.76 2.60 5.7 


2.1 3.1 6.9 
2.0 3.1 7.0 


.139 2.6 3.5 6.7 
.06 .74 1.4 3.9 
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Table 16.1 {Concluded) 


Man 


Man 

Males 

English non-laboring 
classes (Stephenson) 
English all classes 

(Roberts) 

Swedish (Key) 

U. S. naval cadets 

(Beyer) 

U. S. Amherst College 
& Neb. students 

(Hastings) 

English laboring 
classes (Stephenson) 
Polish Radom Gym- 
nasium (Suligowski) 
English artisan classes 

(Roberts) 

Russian St. Peters- 
burg School (Wia- 

zemsky) 

Jews in South Russia 

(Weissenberg) 

Chinese students in 
Wuchang School 

(Merrins) 

Philippine (Bobbitt).. 

Japanese (Miwa) 

Females 

English (all classes) 

(Roberts) 

American well to do, 
New York (Baldwin) 
Russian Institutions 
(Diek) 

German (Camerer). . . . 
Japanese (Miwa) 


A 

(Mature Wt.) 

B 

(*«•) 

1 

(*«•) 

69.2 

152.6 

183808 

68.0 

149.9 1 

5043 

68.0 

149.9 1 

1 

1 

22851 

65.8 

145.1 

2156 

65.4 

144.2 

1 

7113 

65.3 

1 

! 144.0 

1 

2037 

62.0 

! 136.7 

15782 

61.6 

135.8 

13309 

61.5 

135.6 

79447 

58.0 

1 

127.9 

171302 

55.0 i 

121.3 

6301 

52.3 

115.3 

15326 

51.4 

113.3 

39694 

57.4 

126.6 

1331 

56.4 

124.4 

7944 

54.0 

119.1 

1398 

51.6 

113.8 

12430 

46.0 

101.4 

2751 


(Per- 


Age* (from 
conception) at 

ceatage 


u 

S 

«> 

of 

1 



9 

monthly 


O 

lO 

e to 


decline) 



6*5 

oo 

04 


(mo5.) 

{yrs.) 

(yrs.) 

(yrs.) 

4.8 

13.68 

12.3 

16.1 

20.5 

2.98 

12.03 

12.4 

15,9 

23.0 

3.62 

13:4 

12.4 

16.6 

22.4 

3.68 

13.1 

• • » • 

16.2 

22.0 

3.14 

12.44 ; 

12.7 

16.1 

22.8 

2.38 1 

1 

1 

12.1 

12.3 

17.0 

25.8 

3.76 

12.28 

11.4 1 

15.4 

21.0 

3.46 

12.9 

11.3 

16.3 

22.4 

4.45 

13.4 

12.3 

16.0 

20.7 

4.76 

14.0 

12.3 

16.5 

20.9 

3.31 

11.9 

12.6 

15.4 

21.8 

3.83 

12.4 

12.0 

15.4 

20.9 

4.46 

12.4 

1 

1 

11.7 

15.0 

19.7 

2.6 

10.1 

11.1 

14.5 

22.6 

3.97 

10.4 

10.1 

13.3 

18.6 

2.66 

10.2 

• • « > 

14.5 

22.5 

4.08 

11.2 

10.4 

14.1 

19.2 

3.36 

10.2 

• • • • 

13.6 

19.9 


* The percentage of monthly persistency of growth, lOOP, may be obtained by sub- 
tracting the percentage decline, 100k, from 100; i.e., 100 P = 100 — 100 k. 

* By age is meant, in all cases, are as counted from conception. The following 
ages of the animals at birth are given should the reader desire to convert the concep- 
tional ages to birth ages: Cattle 9.4 mos., horse 11 mos., swine 4.0 mos., sheep 5.0 mos.; 
rabbit 1.0 mos.; fowl 0.7 mos. (21 days); guinea pig 2.2 mos. (67 days); mouse 0.66 mos. 
(20 days); pigeon 0.6 mos. (18 days); man 0.79 yrs. (9.5 mos.). 
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Chapter 17 

I 

Linear Growth, Form, and Function 


Geometric laws determine physiologic processes. G. Teissier 

The more the organism changes the more it remains the same. .1. H. 

Hersh 

Remember that "formative substances’*, hormones, vitamins, genes, and 
similar controlling agencies, are merely mechanisms of a more deeply seated 
control which knits the mass of living stuff into an organism. We seek the 
architect, not the maker of builder’s supplies. E. W. Sinnott 

17.1: Introduction and definitions. The basic problem of organiza- 
tion is how genetically identical cells give rise to histologically diverse ones, 
and how growth occurs at different rates in different directions resulting in 
differences in size, form, and function. Many factors have been investigated 
and found to be influential: genes, hormones, auxins, organizers, evocators, 
competency, morphogenetic fields, organic gradients, electrical fields, electric 
currents, light, gravity, heat, mechanical pressure, enzymes, sulfhydryl, min- 
erals, vitamins, proteins, amino and nucleic acids, fats, carbohydrates, and 
so on. There is an enormous literature^ on these influential factors and 
mechanisms, some of which are discussed elsewhere in this book. The present 
chapter is not concerned with these factors, but, like the preceding chapter, 
with the numerical relationships of part to whole during increase in size, and 
with very general explanations concerning the interrelationships between 
size, form, and function^. These problems have very important relations to 
agriculture and nutrition, as illustrated by the preoccupation of animal 
husbandmen with livestock judging (see below)/ 

Let us then discuss the general problem of change in form ^nth increas- 
ing age. 

*See, among many others, Needham’s books and reviews; the Symposia on "Develop- 
ment and Growth," published in the supplements to the journal Growth. Waddington, 
G. H., "Organizers and genes," Cambridge Univ., 1940. Sinnott, E. W., and Dunn, 
L. C., "Genes and development of size and (onn” Biol. Rev. 10, 123 (1935). Sinnott, Am. 
Naturalist, 76, 253 (1942). Goldschmidt, R., “Physiological genetics," McGraw- 
Hill -Book Co., 1938, and "The material basis of evolution," Yale Uniy. Press, 1940. 
Weiss, P., "Principles of development,” N. Y., 1939. Burr, H. S., "Electrodynamic 
theory of development,” ./. Comp. Neurol., 66, 347 (1932). Gurwitch, A., Embryonalen 
Feld. Arch. Entw. Mech., 61, 383 (1922). Harrison, R. G., "Determination Problems," 
Am. Naturalist,^"! ^ 306 (1933). Child, C. M., "Patterns and problems of development," 
Univ. Chicago Press, 1941. Wendt, F. W., and Thimann, K. V., "Phytohormones,” 
N Y 1937. 

^Thompson, D’Arcy W., "On growth and form,” Cambridge Univ. Press, 1917 (newed. 
1942). 
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Fig. 17.1b. Weight, che.st girtli, and lioight at williors of full-fod and under fed steers 
plotted against age on arithlog paper. Note the relative rate of inerease of these three 
indices of size, and the influenee of the plane of nutrition on them. 


Fig. 17.1a. Influence of nutrition and selection on ;‘hang(? in l) 0 (lily proportions. 
The charts are from reprints sent to the writer by John Hammond. (,’ami)ridge I'ni- 
versity. I’hotographs of all animals were reduced to the same height at slioulder so 
as to compare cliango in proportions as distinct from change in size. Note that the 
body proportions of the pork type at 100 Ib are the* same as r)f the bacon tyi)e at 200 lb. 
Note the difference in proportions in under-fed and well-fed. Note the various methods 
of approaching to body w(*ighf 200 lb, ami photograph of animals raised up to 200-lb 
by two (lifTerent methods (“high-low’' and “low high”) with differences in “type” 
thereafter. Differences in food sui)ply at differemt ag(*s accelerates select iv(*ly, t he early 
or late developing tissues tfius changing bodily proport iotis. References to Ilammoml, 
McMeekan and associates are givem in the? text.'-' For the pig charts, see' e'specially 
(J. P, McM(;ckan and J. Hammond. Empire 7. Exp. .Ifyr., 8, S (1010), and 7. Minintnj 
of Agric., 46, 23H (lOJO); and Hatnmond, J., 7. .If//*. Soe. Englaml, 93, 1 (lOJJ). 

For the slieep, Harnmonel, The Fanner and Storh lireedvr Agricidtural Gazette (laigland), 
Dec. 10, 1028. Note that in the improved breed of she*ep (h'ft) the changes in bodily 
proportions are puslieel to a further “stage” than in the wild type (right). This is 
true of other domestic animals selected for “further stages” of elevelopment at earlier 
ages. What was accomplished by selection and selective feeding, may perhaps be ac- 
complished by other methods (hormone administration, etc.). 
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In geometrically similar bodies^ such as small and large spheres, surface, 
S, is proportional to the square of linear size, L, and volume or weight, V or 
ir, is proportional to the cube of linear size, as shown by equations (17.1)^: 



Fig 17.1c. Marine animals (small and large fish) were apparently not under the 
compulsion of gravity (and other factors) to change in external body form; land animals 
apparently were under such compulsions as indicated, for example, by the relatively 
larger heads in the new-born land species. New-born cattle, sheep, goats, horses, and 
related species have long legs and short, shallow bodies. On maturing, especially in 
the improved meat breeds, the buttocks and loins grow at a faster rate than the head 
and legs The greater the “improvement’* the more rapid the relative increase m these 
“meat parts.” Sources of data: Dairy cattle, original (photographs reduced to the 
same height at withers). Rabbit, from John Hammond, Yearbook National Rabbit 
Council, England, 1931 (photographs reduced to the same cranium size to show increase 
in body in contrast to that of the head). Fish, from Hecht, and man frorn Strantz, 
both as cited by C. M. Jackson in the book “Growth,” by W. J, I^bbins, S. Brody, 
C M. Jackson, A. G. Hogan and C. W. Green, Yale Press (1928). For nian, see also 
Edith Boyd: “Outline of Physical Growth and Development, Burgess, Minneapolis, 

Minn. (1941). 


large body is geometrically similar to a small body if all the linear dimensions of 
the large body have the same proportions to one another as those of the small body. 
Thus for a large cylinder which has double the diameter of a small one to be geonietric- 
ally similar to the small, it is necessary that the length of the large cylinder also be 
double that of the small cylinder. 


*The growth of a spherical organism: 
Diameter 12 3 4 

Surface Area 14 9 16 

Volume (weight) 1 8 27 64 


Spherical organisms cannot attain a 
large size because the surface cannot 
keep up with the volume. 
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S oc L2 and IF cc L’ (17.1) 

Since from the above relation 

L oc IF* and S oc L\ 

liOr I 1 1 1 1 1 1 ! 1 1 1 



Fig. 17. Id. Age curves of growth in weight and in several skeletal structures plotted 
in terms of percentage of maximum size. All these age curves follow the same equa- 
tion, K = A — On which Y is size at age t and A is maximum size), but the rate, k, 
of approach to maturity, A , is different for each of these structures. These differences 
in tne rate of approach to maturity lead to change in form with increasing age. While 
each structure approaches maturity at a rate characteristic of the given structure, dif- 
ferent from the rates of growth of other structures, yet the ratio between the percentage 
change in weight and linear size is approximately constant, 6, as indicated by the equa- 
tion Y = aX^, in which Y is weight, or size of any structure and X is the size of any 
other structure. Dairy Cattle. 


therefore, 

.S’a(lF‘)= = alFi ' (17.2) 

Equation 17.1 show.s that during the growth of a body its .surface size tends 
to increase more rapidly than its linear size, and that its volume, or weight 
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size, tends to increase more rapidly than its surface size. Equation (17.2) 
shows that the surfaces of the body tend to increase, by geometric necessity^ 
with the % power of weight, TFb However, necessity for physiologic 
homeostasis (Ch. 10) tends to modify the geometric relations in growing 



Fig. 17. le. Differences in the rate, A*, of approach to mature height and weight in 
American boys. Both weight and height at given ages are expressed as percentages of 
the mature values. Note that this chart may be used for predicting future weights or 
heights. At 9 years, for example, a boy attains 38 per cent and at 12 years 50 per cent of 
the mature weiglit. Therefore, if a boy weighs 23 kg at 9 years, his mature weight will 
be 23 X W = 6*^-5 kg; at 12 years he will weigh 23 X 3 ? = 30.3 kg or 60.5/2 = 30.3 kg, 
and so on. 


animals. Large and small animals are not similar geometrically but rather 
tend to be physiologically, i.e., homeostatically, similar. The organism 
changes geometrically so as to remain the same physiologically. The age 
curves of growth in different dimensions or in different components tend to 
be so adjusted as to give the animal mechanical stability and metabolic or 
physico-chemical homeostasis. The general discussion may be illustrated by 
a few concrete examples. 
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V body weight .m.gms. 

Fig 17 2a. Relativc-growtli in terms of percentage of one organ, Y, to another or 
to body weight, X, plotted against age on arithmetic paper. Note the break in the 

liver curve. 

The surfaces are involved in all metabolic proce.sses, including digestion, 
assimilation, respiration, excretion, secretion, including secretion of hormones. 
Heat dissipation, likewise, occurs by way of the surface portals (Chs. 11, 13). 
The metabolic processes, therefore, tend to become ever more cramped with 
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increasing size of the bod}-; the}' tend to decline per unit weight of body; 
indeed, they tend to be proportional to the square of the linear size, that is 
to surface area, IFb This is not a uniquely biologic phenomenon. The 
power of an engine likewise tends to ^■ary with the square of its linear size, 
Anth its surface area, 11'*, rather than with its weight, IF' ®. This is a basic 
geometric interrelation as indicated in footnotes 3 and 4. 

Then, too, while. the weight of a body increases with the cube of its linear 
size, the strength of its supporting structures, such as of the legs, tends to 
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Fig. 17.2b. Ratio of organ weight to body weight plotted against body weight on 
arithmetic paper. The scales have to be frequently changed in order to crowd in all 
data. Arithmetically divided paper does not permit plotting significantly wide ranges 


of data. 


increase with the cross-section areas of these structures, that is, with frh 
Here mechanical strength and stability tend to decline with increasing size. 

In the course of time several devices were evolved to compensate for the 
decline in the ratios of surface to weight and strength to weight. The decline 
in the surface-to-weight ratio is compensated, in part, as illustrated by the 
kidney and lung structures, by various types of folding, packing, invagina- 
tion, convolution, coiling, and so on. The decline in the ratio of strength 
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to weight is compensated in part by relatively larger increases in the size of 
the supporting structures than in the non-supporting visceral organs. Thus 
it comes about that per unit total body weight larger animals have larger 
muscles and bones than internal organs; or what is the same, the larger the 
animal the smaller the ratio of \’isceral -organ weight to body weight. 
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The functional changes resulting irom this change in form are far-reaching. 
Since the levels of all metabolic itroce.sses are dependent on, or activated by, 

visccral-orcan weight , 

the visceral organs, and since the ratio body weight ^ 
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11 • XU functional level ^ , , , , 

increasing body size, the ratio ^ must also, and does, decline 

body weight 

with increasing body size. 
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sources of data see Edith Boyd : ‘‘Outline of physical growth and development” (Burgess, 
Minneapolis, Minn., 1941). See also Vierordt, H., “Anatamische Daten und Tabellen” 
and “Tabulae Biologicae.” 


As a result, most metabolic processes increase not directly inth simple 
body weight, but i\ith a fractional power of body weight, t.e., the 0.6 
to 0.8 power of body weight, or approximately, IP-^. This means that 
increasing body weight by 1 per cent increases the metabolic rate not by 
1 per cent but only by 0.7 per cent; the metabolic process increases about 
70 per cent as rapidly as body weight. Thus (Ch. 13) the basal energy 
metabolism of a 100-kg animal is 2070 Cal/day; of a 200-kg animal it is not 
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4140 Cal/day (twice 2070) but only 3450 Cal/day. While the body increased 

, . , 3450 — 2070 

100 per cent, from 100 to 200 kg, the metabolism increased ^otq 

= 68 per cent. Likewise (Chs. 21, 22) w'e know a 120-lb goat that produced 
14 lbs of milk a day but it is probably impossible for a 1200-lb cow to produce 
140 lbs of milk a day. A 1200-lb cow^ may, perhaps, produce 7-fold that of 
a 120-lb goat, namely 100 lbs of milk a day, but certainly not 10-fold. 

This whole discussion adds up to this conclusion : change in size is asso- 
ciated with change in form and also with change in funclion. Indeed,, func- 
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for man with cimrls for adrenal weiglits of animals of different speiecs (Brody and 

Kibler) . 

tion and form are two aspects of the same thing. To be sure, we cannot 
predict or judge with precision the function from the form, but this is because 
of our ob.servational limitations; the external features constitute an insignifi- 
cant aspect of the structure and organization of the body as a whole. 

Summarizing, the necessity for changing the form with increasing size m 
land animals lies in these geometric facts: (1) w'eight, wiiicli tends to crush 
the land animal’s limbs and which has to be moved by the muscles, varies 
wth the cube of linear size; (2) tensile strength of the muscles and bones 
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which move and support the animal varies with the square of the linear size 
(cross-section area) of the muscles or bones; (3) surfaces, through which diffu- 
sion, nutrition and excretion take place, vary with the square of linear size. 
Only animals which have evolved a form in harmony with physical or geo- 
metric laws on one hand and physiologic needs on the other hand have sur- 
vived. This situation prompted Lambert and Teissier^ to remark that while 
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Fig. 17.5b. Adrenal weights of growing rabbits (Kibler, Bergman, and Turner). 

physiologists search for a physico-chemical explanation of living phenomena, 
many physiological laws may be anticipated deductively from geometric and 
. physical interrelations. In fact, about 200 years ago, Galileo, with the aid 
of his theory of similitude, demonstrated that a man cannot buDd a house, 
nor nature construct an animal beyond a certain size wdthout changing the 
form or materials; in other words, large and small organisms cannot remain 

‘Lambert, R., and Teissier, G., “Theorie de la similitude biologique,’Mnn. PAysioL 
et 'physico-chim. 6toZ., #2, p. ^ (1927). 
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geometrically similar and survive. Aquatic animals are not forced to change 
much in form with increasing weight because their weight is counterpoised 
by the displaced water. Changes in form during growth are illustrated in 
Fig. 17.1a and c. 


Differences in body build within the species and breed are, of course, due to special 
genetic constitutions and to nutritional conditions not explained by the above general 
principles. Thus persons are classified* as fat or pyknic, muscular or athletic, and thin 
or asthenic. The fat type is characterized by a long digestive tract (25-30 feet of small 
intestine), whereas the thin type has a short tract (10 to 15 feet of small intestine). 
There are similar type differences in farm animals, as beef and dairy cattle^ “dairy*^ 
temperament, and so on, and the judging of livestock is mostly judging for type. 
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Fig, 17.6c. Thyroid weights of the same growing rabbits as in 17.5b (Kibler, Berg- 
man, and Turner). 


Food supply (qualitative, quantitative, and age distribution) exerts a profound in- 
fluence not only on growth rate and total body weight but also on bodily proportions, 
“type”, and productive capacity. Research on the influence of food supply on type 
has been pioneered at the Missouri Station* and is being pushed vigorously not only in 
many stations in this country, too many to cite, but especially by the Cambridge (John 


•Sheldon, W. H., and Stevens, S. S , and Tucker, W. B , ‘The varieties of 
physique,” N. Y., 1940. Kretchmer, L., “Kornerbau und Charakter, Berlin, 1921. 

’Swett, W. W., and Graves, 11. R. “Relation between conformation and anatomy of 
cows,” J. ylffr. Res., 68, 199 (1939).. See also text^books on judging farm livestock, 
for example, Harrison, K. S., “Judging dairy cattle, Wiley, 9 
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Hammond) School^-^ (Fig. 17.1c). McCay is investigating this problem especially 
from the viewpoint of resistance to disease and longevity (Sect. 18.2.4). 

One author^^ based his designations of human types as “herbivorous” (fat) and car- 
nivorous” (thin) on differences in length of the small intestines. Another author® 
designated the fat type as endomorphic or viscerotonic because in this type the digestive 
viscera, which are derived from the endodermal layer, predominate. 
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Fig. 17.5d. Adrenal and gonad 
weights of growing guinea pigs 
(Mixner, Bergman, and Turner). 


^Waters H. J., “Capacity of animals to grow under adverse conditio^, ^qTmifing 
Prom.Ag/.Sci.^ p.pmS) Trowbridge, MouUon, C R^^^ Moulton^ 

food and growth in beef cattle, a;^ 67 ^ 920 ) Hogan, A. G., 

C. R..“Clianges in flesh on underfeeding J. Vgr ‘ Exp. Sta. Res. 

“Retarded growth and mature size in beef cattle, Univ. Aio. . g 1 

Hammond^ J , “Growth and development of mutton qualities of 
1932 (Oliver and Boyd). iMcMeekan, C. P., “Growth of pig and carcass fluahty, J ■ 
4nr qV vols 29-31 (1938-41). Palsson, H., “Meat quality in sheep,” Id , Vols. 

Srcy’, R. VV., U, «;, » (IM')- 

.nd h.rbi.oro«s typ» of mu,” Bc,M M,d. .ndS,„. 
J., 170, 795 (1914); 172, 321 (1915) ; 173, 384 (1915). 
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The fact that some individuals have longer digestive tracts than others should bo 
helpful in dietary adaptation to the respective constitution. Spinach, cabbage and 
bran may do very well for the “herbivorous” but not the “carnivorous” type, who may 
need more concentrated victuals. 

While a wise physician may recognize a patient’s ailment by his “knock on the door”, 
the appearance of his hands^* or tongue, medical statisticians*^ have com])utcd math- 
ematically the degree of correlation of various ailments to body type, with the result 
that the fat appear to be inclined to gall bladder and circulatory ailments and to cycloid 
(manic-depressive) mental disorders; the thin more predisposed to tuberculosis, stom- 
ach ulcer, allergies, and to chizoid (schizophrenic) mental disorders. Because of the 
greater surface area per unit weight in the thin, with corresponding greater exposure of 



BODY WEIGHT, X 

Fig 17.5e. Kidney weight of growing cats (Brody, plotted from unpublished data 
by Hall) showing an apparent “break” paralleling the adrenal “break.” (Of. p. 625.) 


nerve endings to the surroundings, the thin is likely to be more sensitive, irritable, 
high strung and introvert than the fat, who is likely to be easy going, cheerful and ex- 
trovert. 

The endocrine background is likely to differ in the various types (Ch. 7). It is gener- 
ally knownthat the basal metabolism tendsto be higherinthc muscular and the tall-thin, 
than in the fat, which may reflect greater thyroid activity in the muscular and tall-thin 




590 


BIOENERGETICS AND GROWTH 


than in the fat . On the other hand, the fat tend to be hypopituitary and hypogonadal 
(Frohlich syndrome) and the muscular tend to be hyperpituitary (acromegaly). 

17 2; Notes on dimensional analysis.” The method of dimensional analysis is com- 
parable in simplicity, power, and generality to that of thermodynamics. The method 
of dimensional analysis, being geometric in nature, is not concerned with detailed mech- 
anisms, but, like certain aspects of thermodynamics, it expresses statistical results of 
certain interactions. Thus power functions such as the one discussed in Chapter 13, 


» 
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Fie 17 6 The relation of organ weights to body weight in mature cattle. The 

mrve^s represent the equation F = aX* "fitted by the method « ffr? *o 

dndly furnished by W. W. Swett, Bureau of Dairy Husbandry, U. S. Dept, of Agricu 

■ire.^For description of animals see Swett W W., and Graves R 

>S 199 (1939)- The numerical values at the beginning and end of curves p 

the organ weight in pounds for 800 and 1600 pound cattle. 


concerned with the relation between metabolism and body weight, or 
d"ed in a later section of this chapter, may be derived analytically and 
ently of detailed physiologic or biologic considerations. Thus energy-producing 

..Sf. D'A., W. Th,n,^.o„.; Tolman, E. 

E nncij)le 
ert 

taiile. fitude de biometne thdonque, Id. 4, 1 (19J8;. 
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**basal metabolism”) properties vary with the square of the linear dimensions, regardless 
of whether the body is an animal or a steam engine, while the weight of the body, animal 
or engine varies with the cube of the linear dimensions ; hence from dimensional analysis, 
the heat production or available long-range energy will fend to vary with the I power ol 
the weight of the animal or engine. 
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File 17.7. Summary of the curves representing the relation of organ weight to body 
weight of mature mammals (heavy lines) and birds (light broken lines) of different 

standard error, of the slopes, b, are given for each curve values of S, 

indicate a high degree of stability for these slopes, especially for the mammals. 

This derivation is independent of the fact that the body is living. The “surface 
law”, relating basal metabolism to surface area, on the other hand, is derived not from 
general physical or geometric laws, but from the biologic consideration that in the 
course of evolution only those animals survive whose rate of heat production balances 
their rate of heat dissipation, which is proportional to surface area (square of linear 
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dimensions). Dimensional analyses also lead to the conclusion that while a linear 
equation relating metabolism to body weight may be practically as satisfactory, it is 
less rational than a power(logarithmic or parabolic) equation. 

According to dimensional analysis, metabolism varies with the I power of weight in 
geometrically similar figures. Actually metabolism does not vary with the 5 power of 
weight, because the large animal is not geometrically similar to the small, due to change 
in form and substance during growth, as might be expected, again, from dimensional 
analysis and the principle of similitude. The method of dimensional analysis thus 
predicts that metabolism should vary with a fractional power of weight, close to the 
§ power of weight, but not exactly with the 5 power of weight. It has been suggested 
that the weights of certain visceral organs should, like surface area, vary with the square 



Fig 17 8b Blood weight, unlike brain weight, shows a virtually linear relation to 
body weight and slight species differences. The heart (Fig. 17.10) also tends to vary 

linearly. 

of the linear dimensions^ and that excitation‘s should also vary with area (of the ex- 
citable elements). 

The method of dimensional analysis is said to have been formulated by Fourier and 
also by Galileo. The method (1) postulates that many quantities (see the following 

"Brandt A. '‘Das Hirngewicht und die Zahl der peripherischen Neryenfasern in 
ihrer Beziehung zur Korpergrosse,** Biol. cent. 18, 475 (l^^OS). Du Bois, E. “Sur 
le rapport du poids de I’encephale avec la grandeur du corps chez les Mammiferes, 

Bw/f. A’oe. A/U^rop., 8, 337 (1897). , ™ 1 * r • 1 1 

"Cf. Crozier, W. J., and Ilolway, A. H., "‘Theory and measurement of visual mech- 
anisms, ” J . Gen. Physiol. j 23, 101 (1939). 
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table) are derivable from a few fundamental quantities or dimensions, and (2) specifies 
that the dimensions on the two sides of a physical equation must be honiogeneous and 
balanced. Skill in the use of dimensional analysis involves familiarity with the funda- 


? 



8o lOO 


300 

BODY WEIGHT, X,GMS. 


3000 


Exp 


Fie. 17.9a. Pituitary weight of different species (Brody and Kibler, Mo. Agr. 

Sta. Res. Bull. 328), and of rabbits (Kibler, Bergman, and Turner). 

mental and derived quantities or dimensions and definitions, and facility in algebraic 
Therrare several-there were formerly three but they were increased by Tolman to 
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five — fundamental dimension or quantities, namely (1) length, fundamental for spatial 
quantities; (2) time, f, for temporal quantities; (3) mass, m, for mechanical quantities; 
(4) electric charge, c, for electrical quantities; (5) entropy, or degree of “run-downess”, 
S, for thermodynamic quantities. 

Other kinds of quantity may be derived in terms of these five fundamentals. Thus 
it is customary to regard a quantity of velocity , v, as-a quantity of length, Z, divided by 
quantity of time, Z; a quantity of volume, v, as the product of three quantities of length; 
a quantity of density, d, as a quantity of mass, m, divided by a quantity of volume, and 

so on. 
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FJfr 17 inn Hpftrt weiffht vs body weight during prenatal growth (insert upper left) 
.„d Tn re antan"oTdrie,“ n, Voles Ko.l 'that the •■athletic" land an.m.l. 

have relatively larger hearts than the non-athletic and marine animals. 


Velocity is said to have the dimensional formula of length divided by time, symbolized 
by the formula, Ir' (or l/t); likewise, momentum, which is quantity of mass, m, mul- 
tiplied by a quantity of velocity. If', is said to have the dimensional form.ila mlt . 
The dimensional formula is a shorthand statement of the definition of that kind of quan 
tity in terms of quantity chosen as fundamental, and henee is also a partial statement of 

the physical nature of the quantity in question. 

The following table illustrates the above discussion. 
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Fig. 17.10b. See legend for Fig. 17.10a. 
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There are, similarly, mechanical, thermodynamic, and electrical quantities. 

The following simple dimensionally homogeneous equations were previously dis 
cussed (Ch. 13) in connection with the area problem. 

The equation 


A = , . 

(Note: A = surface area, V = volume, I =■ linear size) 


598 


BIOEXERGETICS AXD GROWTH 


is dimensionally 


The eQuatioD 
is dimensionally 


The eauation 


is dimensionally 





12 — lixiniin = 12 




12 -- ^3/3X.42S^.72j = 275^.725 = /2 



Fig. 17.11. Linear measurements taken of dairy cattle, described in Table P^p 
650. and referred to in Figs. 17.12a and b. For measuring methods see Figs. 16.62a to 

d (pp. 560-563). 


From the above aiul other dimension cciuivalents, it may be shown that in bodies 
geometrically, chemically, physically, and environmentally similar, heat production 
should vary with the scpiare of linear size; likewise, in similar animals under similar 
conditions, heat production should vary inversely with the scpiares of the pulse rate or 
restiiration rate (lieart rate and respiration rate, being frcipiencies, have the dimension 
of //for r') or directly in proportion to the amount of blood supply (which is the product 
of pulse rate and \ailume of blood, having the dimension of R); or what is the same, the 
heat production per unit weight should vary inversely with the cube root of weight ((?/H 
= alF^ which is the same as Q = or directly with the pulse r.ate or respiration 

rate (Sect. 24.5.4). 
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17.3: Equations relating, part to whole. The method of dimensional 
analysis is strictly applicable only to bodies which are similar in space and 
time, such as small and large spheres. Since small and large animals— 
infants and adults, for example— are not similar in space and time, this 




A 


M 28 32 36 40 44 

Age 


48 52 56 SO 


constants sec Table 17.7. 

method is useful for rough approximations only. An empirical— less logical 

— approach is more inviting at this time. . i • . i 

Common-sense considerations and experience, especially m chemistry, phys- 
ics and engineering, and even in economics, indicate that the pcrcenRige 
change in one variable tends to vary directly mth the percentage change m a 
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related variable. As percentage change is the same as logarithmic change, 
one may say that the logarithmic change in one variable tends to vary directly 
uith the logarithmic change in a related variable. A logarithmic equation 
has the same meaning as a parabola, a hyperbola, or a power equation, 
though it has a different form. To illustrate, it was shown (introductory 
section to this chapter, and Chapter 13) that surface area, S, varies with 
the % power of volume or weight 



Fig. 17.12b. See legend for Fig. 17.12a. 


S = air* (1) 

which is the power-equation or parabola form; in the straight-line logarithmic 
form it is 

log S == log o 4- § log W (2) 

Equations (1) and (2) represent the same thing in different forms. 

Usually equations (1) and (2) are written 


Y = aX^ 


(17.3) 




GOl 
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I 


and in terms of logarithms, which gives a linear form, it is 

log Y - log a + i log A" 

similar to the familiar linear equation 

r = a + bX 


(17.4) 


The exponent, 6, which has the value % or 0.G7 for the area-weight relation, 
is the ratio of the percentage change in Y to the corresponding percentage 
change in X; 6 is the slope of log Y plotted against log X. For the area- 
weight relation, the percentage increase in surface area is ^ that of the 
percentage increase in weight. 



Fig 17 13 Postpubertal growth in height of man. Note that the average mature 
heiffht ranees from less than five to nearly six feet; yet all curves follow the course 
reSseS by the equation F = .1 - (The values of k and I* are with respect 

to age in years for humans as contrasted to months for cattle.) 
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Likewise (Ch. 13) the basal metabolism, Y, varies with weight, X, 

Y = aZ”” 



log Y = log a + 0.73 log X 


m IK 90 


1C6 ^60 


100 96 75 



90 £6 65 


c. 

(6 


86a60 


60 75 55 


75 70 50 




I. 


Fig. 17.1-la. Prepubertal growth in cattle proceeds at a constant percenfa^e rate for 
weight (broken curve), and at a constant lime rate for linear growth (smooth curves). 


meaning that the percentage increase in metabolism, Y, is 0.73 time the 
percentage increase in body weight, X; or increasing body weight, X, 1 per 
cent increases metabolism, Y, 0.73 per cent. 

The method of fitting this equation to data is elementary and uninteresting, and has 
been described in detail in Chapter 13. The historic aspect is, on the contrary, interest- 
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ing and entertaining. About half ii century ago, SnelP®, DuBois'^, and Lapicque*® 
wondered how brain size of dilTercnt species should be compared in such a way as to 
demonstrate clearly that man’s t.)rain is proportionately larger than the brain of other 
species. They had no doubt that man’s brain is relatively larger, although numerical 
comparisons gave ambiguous results. Thus comparison of absolutes size (pounds, grams) 


I 

6 

O 



Fie. 17.l4b. Fostpubertal weight and linear growth in man decline exponential!}" 
(Y — ^ \ prei)ubertal weight growth in man increases exponentially ij' " 

Ae^‘) and linear growth, linearly (K = a.Y + b). (DtxU ^ 

Wachstuin dcs Mensclien nach .Alter, Cieschiccht und Basse, Stuttgart, 1911). 

of brain indieate.l that clephant.s had larger hrains; comparison of size per unit body 
weight, tliat is, comparison of the ratios brain weight/body weight, indicated t hat 

() \rch Psinchialric und Nerrcnkrankheiicn.y23i 136 (1801). 
nD„ Hois,’ i;., B,dl Soc. Anthropol. FarU, 8, :«7 (lHt)7) On Hois, Iv "On the rela- 
tion between the (p.antity of j""} r oVtSs)'" 

Koninalikc Aknd. Amsterdam, 16, 01/ (1011), also 20, 13-H (I.)18). 

■"i 'apicduc, L., C. R., Hoc. Biol., 60, G2 (1898), and many -papers since hen. bee 
especially Lapic(iuc’s chapter on the relation between brain weight and intelligence in 

"Traite de psychologic,” Paris, 1922. 
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elephants had smaller brains and rats larger brains than man. Species comparisons of 
brain weights cannot be accomplished, therforc, by comparing absolute brain weights 
or by comparing the ratios of brain weight to simjde body weight. 

They next compared the power of brain weight to a power of body weight as indicated 
by the equation 




Fig. 17.14d. When prenatal weight growth (solid circles) in man is at a constant 
)ercentage rate, sitting-height growth (open circles) is linear. (From data by G. L. 
jtreeter, Carnegie Inst. Washington, Contribution to Embryology, 11, 143 (1920). 


in which Y\ and Kj are the brain weights of animals 1 and 2, having body weights Xi 
and X 2 . 

The exponent 6 is evaluated by taking logarithms: 

log Y\ — log Y 2 = 6 log Xi — 6 log Xj 

whence 

, log Fi - log F 2 

1 ) = 

log Xi — log X 2 

DuBois and Lapicque demonstrated in 1895 that the value of b was practically the 
same, of the order of 0.56, for many pairs of brain-body ratios of mature animals of 
different species, but only 0.25 for mature animals of the same species. 
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« 

Lapicque, moreover, plotted the logarithms of brain weight against the logarithms 
of body weight and found that the distribution of the data is linear, having a slope of 
0.56. He found that while the slope was always 0.56 for each of a number of series of 
animals, yet each of these closely related series of animals had a different intercept from 
other groups. That is, in the equation Y = the numerical value of b was the same 
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Fig. 17.15. The relation of weight to linear size in Jersey, Holstein, Guernsey, and 
Ayrshire cattle plotted on logarithmic coordinate paper. 

Y 

for each of the series; but the numerical value of a, that is, the ratio = a, was highest 
for man; next for the anthropoid apes, and so on down the supposed scale of evolution.** 

*»See Table 17.1, p. 642, and the charts for brain weights of different species. Th^ 
show that a 60-kg man has about ten-fold the brain size of a 60-kg sheep— about 15W 
em. as contrasted to about 150 gm. Brain weight in man is about 1/40 of the body weignt 
and 1/400 in other species of equal body weight. 1000-lb cattle have a brain weight 
of only 400 cm, horses 650 gm, and so on. Man’s brain is almost as large as the e ephant s 
(Fig. lo.l). In common words, a 150-lb man has a 3-lb brain; a 150-lb sheep has a *-lb 

brain ; a 1500-lb cow has a one lb brain. 
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This discovery at once solved one of the great puzzles in anthropology, namely, why the 
ratio of brain size to simple body size of a fowl, for example, was as great as that of man. 

Summarizing, Snell, DuBois, and Lapicque have shown that the proper method of 
comparing brain size to body size in animals of different size is not to evaluate the ratio 
of brain weight to simple body weight, but the ratio of brain weight to body weight 



Gms 0 50 400 150 200 


tfeaPt GlPttl 

Fig 17.16. TIic relation of weight to linear size in Jersey and Holstein cattle plotted 
on arithmetic coordinate paper. The numerals refer *to the ages in months. Compare 
to Fig. 17.15 representing similar data on logarithmic paper. 

raised to the h\\\ power; and this ratio, a, the so-called “cephalization coefTicient”, 
in the equation a = tends to vary with the degree of mental evolution. By this 

method the l>rain-to-l)ody ratios met their expectation concerning differences in relative 
brain size in ditTcrent species. The value of a in the ratio is highest for man, a re- 

lussuring discovery. 

This was, of course, the reasoning em|)loyed (Cii. 13) for comparing the metabolism 
of small and large animals. Thus the ratio metabolism Cal/body weight Kg is nearly 



608 


BIOEXERGETICS AND GROWTH 


200 for mice and 15 for cattle; but the ratio metabolism Cal/ (weight)*' Kg in which 6 = 
0.73, is nearly the same, about 70, for both mice and cattle. It was, therefore concluded 
that the proper physiological reference base for comparing metabolism of mature ani- 
mals of different species is not simple body weight. A', but the 0.73 power of body weight, 
that is As previously noted, dimensional consideration indicates an exponent of 

0.67 for geometrically similar animals of different size; but large and small animals are 
not similar dimensionally. 



Height atwitheps 

Fig. 17.17. See caption for Fig. 17.16. 


The parabola Y = oA*' has been used in biology for perhaps a century (Ch. 13) and 
since about 1890 for relating organ weight to body weight. About 1910 Dreyer" in 
England and Moulton and associates at the Missouri Station®* became particularly ac- 

^''Dreyer, G., and Ray, W., Proc. Roy. Soc., 82B, 545 (1910), and many subsequent 


^‘‘Sulton, C. R., J. Biol. Chem., 24, 299 (1916). Trowbridge, P. F., Moulton, and 
Haigh, L. D., Univ. Mo. Agr. Exp. Sta. Res. Bull., 18, 1915. - 

Bulls., 89, 1925; 115, 1928; 166, 1932 (pp. 89-97); 220, 1934; 262, 1937; 328, 1941. 
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tive in its use. However, the impetus to its current popularity came from Huxley’s^ 
and Needham’s*^ systematization, and nomenclature of data. 

As previously noted, llie traditional name for the equation Y = aX*’ is parabola (6 
is positive), hyi)erbola (b is negative), linear (^> is unity). However, name-minded 
biologists felt that a special terminology should be evolved, and many designations, for 
example allomctry (Huxley and Teissier, 1936), from the Greek allomctron, “that by 
which anything is measured’', have been suggested. (The allometric equation Y = 



Width Of Hipe 

Fig. 17.18. See caption for Fig. 17.16. 

aX^ is one “by which anything is measured’’?) Since the writer’s “competency” 
level docs not react to these name “evocators”, he will not discuss them, but proceed 
with analysis of relative-growth data with the aid of, as termed of old, parabolas, and 
refer the reader to the original papers for th e newer terminology.^^ 

“Huxley, J. S., ^Problems of relative growth,” London, 1932. 

“Needham. J-, “Chemical Heterogony and the ground plan of animal growth 
ture 130, 845 (1932); Biol. Rev., 9, 79 (1934), and Bull. Soc. Fhilotnalique, 11, ( 932). 

“For the latest terminology of relative growth, see Needham, J., and Lerner, I. M., 
Nature 146 618 (1940). For illustrative applications and references to literature, see 
Lerner,’ HUgardia. 10, no. 13 (1937) Ilcrsh A. H., Growth 6, {1941), supplement p. 
113. Richards, 0., Carnegie 

and (with A. J. Kavanagh) Proc. Rochester (A. Y .) Acad Sci., 8, 150 (1942). 
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17.4: Relation between organ weight and total body weight^®. As ex- 
plained above, the relative or 'percentage growth rates are different for linear 
size, area size, visceral organs, and total body weight. The extent of these 
differences in relative growdh rate may be investigated by different methods. 



Fie 17 19 While the curves in Figs. 17.15 to 17 .18 appear entirely smooth, unevent- 
ful vet if the ratios Y/X'> are plotted against age, trends appear. See, however, tig. 
17.25 representing a much greater body of different data, when trends disappeared. 

One method (Figs. 17.1a and c), a qualitative one, consists in comparing 
outlines or photographs of the animal at different ages; a second method 
(Fig. 17.1b), semi-quantitative, consists in plotting the given measurements 
against age on arithlog paper (the slopes of which, of course, represent rela- 
tive or logarithmic change) and comparing the slopes; or (Fig. 17. Id) plotting 
the given measurements in terms of percentages of mature size on arithmetic 
paper and comparing the slopes. The ratio of the slopes represents approxi- 
mately the value of the exponent h in the equation Y = aX‘, as mdicated 

below. 

«Brody, S., and Kibler, H. H., Univ. Mo. Agr. Exp. Sta. Res. Bull., 328, 1941. 
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A tliird method, illustrated in Figs. 17.2a and b, involves plotting against 
age the ratio of organ weight to body weight. This method appears simple, 
but it has disadvantages, one of wliich is that it is not possible to plot \\ide 
ranges of data on the same scale (Fig. 17.2b); another is that the eye is not 
as sensitive to deviations from a curve as it is from a straight line. 

The fourth method, used exclusively in this chapter, attempts to “rectify” 



Fig. 17.20. The relations (slope) of weight to height at withers and to chest girth in 
work horses are almost identical with those in dairy cattle. 


the data, that is throw them into a form which gives a straight line on some 
kind of paper. Thus the parabola Y = aX", and especially^® Y = aX® 
+ c, is in straight-line form when written logaritlimically : log 7 = 6 log 
X + log a. When plotted on log-log paper the data yield a straight-line 
distribution if the equation represents the data. However, there appear to 
be changes or “breaks” in the value of the exponent b, especially during 
early growth, jus illustrated in Fig. 17.3. None the le.ss, repre.sentation of 
the data on a log-log grid is the most satisfactory method ; it shows how the 

“Robb, R. C., British J. Exp. Biol, 6, 311 (1929). Twitty, C., Symposia on Quant. 
Biol, 2, 148 (19ii). 
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percentage increase in organ weight changes wth percentage increase in 

body weight. The values of the slopes, b, given in Fig. 17.3, were computed 

, , log - log Yo 
by the usual method, b = ^ • 


Derivation of the parabola Y = aX*' from the exponential growth equation. Preceding 
the inflection in the S-shaped age curve of growth in weight (self-accelerated phase), 
the course of growth may be represented by the equations: 

Y = c,e*i‘ 

X = C2e*2‘ ® 

where F is the size of one structure; X, the size of another structure; c. and con- 
stants; ki and h, growth rates; t, time or age. Taking natural logarithms of (1) an 

( 2 ). 


In.20 24 26 32 364044 50 55 CO TO 


20 24 28 32 36 4 0 50 60 



«) 70 80 i 100 11^ WJ WJ 50 60 ?0 fiO 90 KX) 120 l4blS0 ICO 

Height 

Fig 17 21. The relation of weight to height in man plotted on 
paper. The curve appears to have four segments, each having a different slope, 
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Differentiating 


Dividing (3) by (4) 


In y = In Cl + kit 

In X = In Cl 4- M 



dy dx ^ h 
y ' X ki 



where — = 6 (a constant) . 
ki 

Integrating 

and 

which is our parabola. 


log y = 6 log X -f log a 

Y = aX* 



(3) 

(4) 




4 


i 


$ 




Cm.lWM46fflllO 140 160MO 'JO aO fiO ?0 60 

, Height Sitting tfeight 




Via 17 22 The relation of weight to height and to sitting height; also of sitting 
ieM to height for children in different economic classes, plotted on logarithmic co- 
im^e paper. The slopes, n, are indicated on each curve. 
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It is more confusing to derive the parabola from the equation for the phase of grow th 

following the inflection'®" (self-inhibited growth phase). 

The inflection in the S-shaped curve of growth in total weight docs not necessarily 
coincide with the inflections in growth of the bodily components or with the age curves 
of the several linear dimensions. Moreover, the course of weight growth prior to the 
inflection tends to be exponential, while that of linear growth tends to be linear (see 
section below on linear growth). It follows that while the parabola Y = aX® may fit 
the relation approximately, or for segments of the curve, it cannot represent precisely 
the F - X relation for the entire growth period. There must be “breaks” or changes 



in slope in the curve, perhaps insignificant, as was indeed demonstrated by Luiner." 
This parabola is none the less extremely useful. 


Let US next picture the situation as a whole : how a set of organs in a 
given species grows in relation to the body as a whole. Such a general 
picture is shown in Fig. 17.4 for the growth of man, birth to 20 years of age. 
From this chart, it will be seen that the brain grows about 70 per cent ^ 
rapidly as the body prior to about 6 years and about 7 per cent as rapidly 



Res. Bull., 262, 1937. 
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thereafter. The slope declines from about 70 to about 7 per cent, an enor- 
mous “break”. 

The curve for the liver also appears to show a break at about 6 years. 




BODY WEIGHT. M. LBS CHEST GIRTH. G. INS. 


Fig. 17.25. The nature of the fluctuations in the ratio (ph^t'girth)^ 

Fig. 17.23 indicates that either there are no biologically-significant systematic devia- 
tions from the parabolic trend Y = aX*, or that the fluctuations are masked by com- 
pensation. See, however, Fig. 17.19 representing a different set of data. 


With the exception of heart, thyroid, and spleen, the relative increase in the 
weight of the visceral organs is less than that of the body as a Avhole. 

The gonads and adrenals follow a parallel course: they rise, first slowly 
then rapidly, on to the advent of puberty. It did not seem worthwhile to fit 
equations to the data. The gonads in rabbits^^* increase during a certain 

”»Kibler, H. H., Bergman, A. J., and Turner, C. ^ Endocrinology , 33,250 (1943). 
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age interval, with the X- for females and X"- * for males; the adrenals in the 
same rabbits increased with X“-^ for both males and females (X = body 
weight). A curious feature of the rabbit adrenal curve is that at about 2.5 kg 
body weight (beginning of sex activity), there is an increase in slope of the 
adrenal curve; the adrenal weight then increases with X‘ ” instead of with 
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FiT 17 2fi The relation of body weight to height at withers. Note that the fit of 
the pa'rabok y = aX‘ is not as good for the weight to height as for the weight to chest 

girth. 

^ 0.94 (Fiff. 17.5b). The same results were obtained on guinea pigs (Fig. 17. 5d). 
This sudden increase in adrenal weight may be associated with a corresponding 
acceleration in protein catabolism^^ and hence with a decline in growdh rate at 
this time. Some animals also show a .steep rise m the kidney weight at this 

17.4 thus indicates the general course and the order of change of 
orcan weight with increa.se in body weight during growth, the nature of the 
breaks in the curve, the nature of changes in “atypical” curves, such as of 

, T V Bpreman A. J., and Turner, C. W., ^ndocnnofoff!/, 32 , 298 (1943). 
^"Long C ’ N H., “Cortical hormones and metabolism,” Endocrinology, 30, 

870 (1942). Turner, C. W., Personal communication. 
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the gonads and adrenals, and incidentally gives an idea of the weights of the 
various organs. 

As explained above, the value of the exponent, 6, in the equation Y — aN?, 
varies with age and with other factors. Fig. 17.6 show^s the values of b for 
various organs in dairy cattle, in this case all mature, and ranging in body 



BODY WEKJfl^-x 

Fig. 17.27. Wool weight as function of body weight. 

w^eight (at the slaughter house) from 800 to 1600 lbs. Here the slope b is 
very low for all organs. Thus the heart varies with rather than with 
as in growing man (see Table 17.1). 

So far w*e discussed the relation of organ w^eight to body w^eight in the 
same species. Fig. 17.7 show^s the relation of organ w^eight to body weight 
in mature mammals (heavy lines) and birds (light broken lines) of different 
species. The slopes, 6, are given on the chart (see Table 17.4). 
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Fig. 17.7 shows that for mature mammals of different species, the basal 
heat production increases with the 0.73 power of body weight; the brain 
weight increases with the 0.70 power of body weight, virtually the same as 
for basal heat production; the pituitary increases with the 0.76 power of body 
weight; the adrenals with the 0.80 power, and so on. Without exception 
the \isceral organ weights in mature animals of different spedes^'^ increase 



Q 

GMS. 200 


600 800 coo 

BODY WEIGHT. M 


4000 


Hg. 17.28a, Foallior ..right, F, ii> chickens plotted against body weight, .1/. 

with a tractioaal power of body weight, that is, the weights of viseeral organs 

do not increase as rapidly as the body as a whole. 

..The aost i..porl.at,.i!.d.cd monumeatal eolleaio,, of on organ sire is g.ve. 
by Crile, George, and Qiunng, D. P., Ohio J. Soc., 40, ilJ 


620 


BIOENERGETICS AND GROWTH 


The most conspicuous feature is that the slope of the curve relating brain 
weight to body weight is virtually the same as the slope relating basal heat 
production to body weight. This means that the ratio metabolic rate/brain 


GMS 



Fig. 17.28b. Feather weight, F, plotted against body weight, M. 



Fig. 17.28c. Feather number and feather weight per unit surface area, plotted against 

body weight. 

weight tends to be the same for small and large animals; the ratio metabolic 
rate/body weight, on the other hand, declines rapidly with increasing weight. 

Does this close statistical correlation imply the presence of a similarly 
close causal physiological interrelation between brain weight and metabolism? 
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PIGEON 0 DOVE BODY WEIGHT. GMS. 



GOOSE BODY WEK3HT, GMS. 

Fig. 17.28d. See caption for Figs. 17.28a and b. 
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It may be so. It is known that the blood supply to the brain — about 13 per 
cent of the cardiac output (Barcroft and others) — is all out of proportion to 
the relative weight of the brain. Kestner” estimated that under basal metabo- 
lism conditions nearly half of the blood passes through the brain. Hence 
Kestner’s conclusion that under basal metabolism conditions the brain prob- 
ably conditions the level of basal metabolism. 



l')0 £X) 300 

BODY WEIGHT; X,GM5. 


Fig. 17.29b. Thyroid weight in guinea pigs (Mi.\ner, Bergman, and Turner, l.c.)- 

Crile’^ emphasized the metabolic importance of the brain : “The brain is the universal 
executive of energy and is adaptively controlled by the thyroid glands for its constant 

’'Kestner, O., Proc. Physiol. Soc. (1935), in J . Physiol., 87, (1936). ht'v.o 

”Crile, G., “A neuro-endocrine formula for civilized man,’ Reprint from me 
Educational Record Supplement” for Jan. 1941, Am. Council Education, Washington, 

D. C. 
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energy and by the adrenal gland for its emergency energy. Throughout the animal 
kingdom the primary role of the brain is to maintain body temperature and to drive the 
muscles and organs in attack and escape. It is the function of the brain alone to execute 
the oxidation for the long and short swings of both the thyroid and the adrenal glands. 
We found that it requires 1 gram of brain to execute 12.115 Calories in twenty-four 

hours/- 
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Fig. 17.30a. Parathyroid as function of body weight, hy CampbeH, I. L., and Turner. 

C. W., Mo. Agr. Exp. Sta. Res. Bull. 352, 1942. 

The influence of environmental temperature, and consequently of the level of heat 
production, on size of brain was demonstrated in a spectacular manner by Crile and 
Quiring” on two animals of the same weight, namely a 521-kilogram horse and a 521- 
kilogram White or Beluga Whale. The total daily heat production must be greater in 
the tvhale than in the horse, because sea water conducts heat 27 times as rapid y as air, 
and moreover the water in which the whale lives is below 0 C, much lower than the aver- 
age air temperature in which the horse lives. The wha c, generating more I'^at than 
the horse has a brain 2.9 times and a thyroid 3.2 times larger than the horse. Hence 
the casual relation of brain and thyroid to heat production, and the conclusion that 


3>Crile. G., and Quiring, D. P,. ‘/The the white whale and 

the thoroughbred horse ‘Equipoise , Growth, 4 , 291 (1940). 
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certain of the visceral orf!;ans, es])ecially tlie brain, are “energy activators”. How- 
ever, while the human brain is the largest, 10-fold the size in a sheep of the same body 
weight, yet the basal metabolism of man is less than of a sheep. 


> 



Fig. 17.30b. Location of parathyroids in the rabbit, by Campbell and Turner, lx. 

3^The following table from Crile illustrates the influence of environmental temperature 
on relative weight of brain, thyroids, adrenals, and the heart. 


Animal group 

Tropical rodents . . . 
Northern rodents. . 
Tropical carnivors . 
Northern carnivors 
Tropical ungulates. 
Northern ungulates 
Cetacea 


Brain 

.10 

.13 

.39 

.61 

.65 

.70 

2.30 


“Relative Size" 


Thyroids 

Adrenals 

.09 

.44 

.20 

.72 

.43 

.38 

.60 

.29 

.41 

.29 

.43 

.29 

1.60 

.37 


Heart 

.11 

.13 

.25 

.44 

.36 

.52 

.37 
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We next discuss charts relating individual organs to total body weight. 
All the charts are on logarithmic paper; the mature mainmals of different 
species are represented by heavy continuous lines, the mature birds of different 
species by heavy broken lines; the animals of the same species of different 
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Fig. 17.31. Kidney weight. See also Fig. 17.5e (page 589). 


€4(0«INC ANiy ALS. 
&ATA MOT SHOWM 


10,000 


weight, growing or mature, by lighter continuous curves labelled (GR). The 
very light broken lines on each side of the heavy continuous lines (for mature 
mammals of different species) represent the standard errors of estimate, Sr, 
which include between them two-thirds of the data points. The average 
line represents F = aX‘ fitted to the data by the method of least squares. 
The constant rho, the index of correlation, ha.s the same significance for 
these curves as the constant r, the coefficient of correlation, for linearly related 
data. The given data points (circles except where otherwise indicated for a 
special rea.son) represent mature animals of different species only. (The data 
points for the birds and growing animals of the same species are omitted in 
the interest of legibility.) Each of the data points is the average of a number 
of animals. The number and sources of data are listed in the appendix. 
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The “prediction” values (computed from the fitted equations) for organ 
weight corresponding to given body weight are also given in the appendix. 

Brain weight; There are more data on the weight of the brain than on 
any other organ because of its human interest. Fig. 17.8a presents some of 



Fig. 17.32. Liver weight. 

the available data on the relation of brain weight to body weight plotted on 

logarithmic paper (see also Fig. 10.1). 

As previously noted, the brain weight in mature mammals of different 

species vaties with approximately - the 0.70 power; that is, doubling body 
weight increases brain weight about 70 per cent. The values of an 
-Sr indicate that two-thirds of the data fall between +64 and -39 per cent 
of the average curve. The index of correlation, which is 0.97, is very satis- 
factory. The value of the exponent for birds is considerably less than for 
mammals, meaning that, in comparison to small birds, large birds have 

relatively smaller brains than mammals. 
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The other curves and equations in Fig. 17.8a represent the brain-body 
relations of animals in various stages of growth. Except for the early stages 
of growth (see the 1 to 15-day interval post-natal growtli in the rat, in the 
upper-left insert chart), the slopes of thfese curves (for animals of tlie same 
species) are usually very much lower than for mature animals of different 
species, the exact values depending on the period of growth. The later the 
period of growth, the lower is the slope. In general, as noted by Du Bois 
and Lapicque, the post-natal slope relating brain to body in the same species 

is near 0.25. 



Fig. 17.33. Lung weight. 

Note that the brain weights of small whales (triangles), of Simians (X’s), 
and especially of man (black circles), are very much above the average line, 
whereas those of large whales are below the average. These species were 
not included in computing the equation represented by the curves. 

Summarizing for mature animals of different species, the slope of the curve 
relating brain weight to body weight parallels the slope of the curve relating 
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basal metabolism to body weight. The values of slopes relating brain weight 
to body weight in gi'owing animals of the same species depend’ on the growth 
period; the younger the animal the steeper the slope. During the later 
periods of growth, for which most data are available, the slopes are very 
much below' those for mature animals of different species. 

Pituitary weight: Few' data are available on the pituitary weight. Be- 
cause of the importance of this organ, the few available data are charted in 



BODY WEIGHT, M, KGS 

Fig. 17.34. Stomach and intestine weight. 

Figs. 17.9a, b, and c. It appears that the slope relating pituitary weight 
to body weight in mature animals of different species, 0.76, is quite close to 
the slope of the curve relating basal metabolism to body weight, 0.73. The 
slope is somewhat less for post-natally growing animals within the species. 
As vnth. brain weight, age is an important factor conditioning the slope 

of the pituitary curve of animals of the same species. 

Heart weight; As previously indicated, the metabolic level depenck on 
the interrelation of several systems, including the stimulating or afferent 
(neuro-endocrine) system, and the receptive or efferent (cardiovascular) or 
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operating systems. The brain and pituitary discussed above exemplify the 
stimulative system; the heart discussed in this section exemphhcs the recep- 
tive or operating system. 

The heart weight is correlated with the exercise level of the species and 
individual. This is illustrated in Fig. 17.10. Aquatic animals invanaby 
have relatively smaller hearts than terrestrial animals because their n eight 

is counterpoised by the weight of the water they displace; they arc not obliged 

* 



age (MONTHS) 


1 • t?* 17 Ip tliqt hodv weicht is very sensitive to food sup- 

Fig. 17.35a. It is .nS at withers in cattle isvirtua ly 

unaffected by food . Fig. 17 .35a by W . H . Black , B . Knapp , 

size of the tn<lep - gg (1938)1 brings out the same idea in a different 

Jr., and A. C. Cook [J . Agr ves the highc.st correlation inth '‘per- 

way; the ratio of weight to height at idea in a still different 

formance” (gam ,vifi,prs (measurement «1) is completed before biith as 

way; 50 per cent of '“"K'' Hence food supply does not have the op- 

contrasteil to 6 per /^/’^^.""(Jilpa.surenient i»l) as it can weight or sliest girth 

portunity to !* ' i most easily measured linear dimension. W hile li.Jab 

(fdlS, sec Table 1) ^ Fig. 17.35c shows multiples of birth size. 

S“''\'^"^7dfhVVv™ra (virtual malurily) i. 3 3 time, or 330 |K,r ronl tt.no, the 

Sr. ^;?.h i'rtt W3 chart, are for oattlo. 
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to ovei’coine the pull of gravity, as are terrestrial animals wliieh must make 
successive liftings of the l>ody against gravity when walking or running. 
Likewise, terrestrial animals, known for their running ability, such as horses 
and dogs, have relati\'ely larger hearts than domestic pigs or guinea pigs. 

Similarly, as might be expected, the heart weight tends to vary more 
directly with body weight (rather than with basal metabolism) during growth 
than would other visceral organs, such as the neuro-endocrine, because the 
work performed by the heart in walking varies directlv with the body weight. 




17.351). 


See caption for Fig. 17. 35a; al.so Fig. 17.11 and Table 17.7. 


In otlier words, the slope, h, of the curves relating heart weight to body 
weight is in main’ cases very close to unity, iis shown in Fig. 17.K);still, espe- 
cially as shown in the insert on the upper-left corner of Fig. 17.10b, it is 
much better to relate heart weight to body weight by the power equation 
}' = aX^, than by the linear equation 1" = a + bX. 

Other visceral organs: The foregoing discussions of the typical visceral 
organs — brain, pituitaiy and heart — are applicable, with slight variations, to 
practically all other visceral organs. The charts for the other visceral organs 
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in relation to body weight are therefore presented in tlie appendix without 
much discussion. 

To summarize, the slope relating metabolism to body weight parallels the 
slope relating the weight of some neuro-endocrine organs to body weight. 
The weight of the heart, on the other hand, tends to vary more directly with 
body weight (slope near unity) as the work performed by the heart in locomo- 
tion tends to varv directly with body weight, l^or direct agricultural aj)plica- 
tions concerning the relation of muscular and lat tissues to visceral tissues, 
see Hammond^ and text books on stock judging. 



Fig. 17.3r)c. Soc caption for Fig. 17,3oa, 1). 

17.6: Linear growth and form. Age change in lorin is, of course, asso- 
ciate’d with differences in K>owtli rates in different directions. As explained 
m the prccedinR section and illustrated by iMgs. 17.1a to d, change in forrn 
may be observed (1) qimlitdlmbj by comparing outlines or photographs of 
the animal at different ages; (2) semi-quanliialivehj by comparing the slopes 
of the age curves of growth in various directions, and (3) qmntilatively by 
fitting the relative-growth ecpiation, that is, the parabola 1 = aX\ to the 
data after first plotting i' against X on a log-log grid and noting the nature 

of distribution of the data. 
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While the age cur\'e of growth in weight describes the change in the organism 
as a whole j the age curve of growth of some one linear dimension describes 
the change in only one of many linear measurements, which may or may not 
be proportional to the change in other linear measurements or to the change 
in weight. Thus (Fig. 17.1c). the post-natal growth of the rabbit cranium 
is no index of the post-natal growth of other linear measurements or of the 
body as a whole, for all the photographs were reduced to the same cranium size. 

The same may be said with regard to several other comparative outlines in 
Fig. 17.1. In other words, higher animals grow not in one, two, or three 
different linear dimensions, but in many. The concept of n-dimensional 
change is now generally understood. This, of course, is the reason why 
weight cannot be expressed exactly as the cube of some one linear measure- 
ment, or that surface area cannot be represented as the square of some one 
linear measurement, or even as the % power of weight, which represents all 
the n-linear dimensions and which should, therefore, be something of an 
average. 

Then too, weight (volume) growth prior to puberty tends to be self-accel- 
erating, that is, to grow in a geometric progression (one cell giving rise to 
2, 2 to 4, 4 to 8, 8 to 16, etc.) and to plot linearly against age on arithlog 
paper, at least for short periods, whereas linear growth, i.e., terminal growth, 
tends to grow in an arithmetic progression, according to the series 1, 2, 3, 4, 
etc., and to plot linearly on arithmetic paper. There is an inflection in both 
cases, but the inflection is likely to occur at different ages, for example, earlier 
for the length of the rabbit cranium than for the length of the rest of the 
body (Fig. 17.1c), and still earlier than for the total body weight. ^ 

17.6.1: Age curve of linear growth. In view of the nature of linear 
growth, complicated by the fact that there is not one but n linear dimensions, 
each growing at a rate different from the others, it seems desirable to examine 
a few linear age curves of growth before proceeding with the fitting of the 
parabola to the relation of linear size to weight. 

Most of this analysis relates to dairy cattle measured at the Missouri 
Station by Eckles, Ragsdale, and associates'^ and at the Nebraska Station by 
Davis, Morgan, and associates.^^ The data on man are from the literature. 

Fig. 17.11 shows the measurements taken and the numbers by which they 
are referred in the text. Table 17.7 names each of the measurements and 
gives the numerical values of the constant ^4 (mature size), 100^’ (percentage 
decline in growth rate per month), and the ages at which various fractions 
of A are attained (see Ch. 16 for details). 

Tables 17.8 and 17.9 give the numerical values of the measurements plotted in 
Figs. 17.12a and b. The agreement between observed and computed values 

Brody, S., and Ragsdale, A. C., Univ. Mo.Agr. Exp. Sta. Res. Bulls., 80, 89, and 
(with H. P. Davis) 262. 

3«Davis, H. P., Morgan, R. F., Brody and Ragsdale, Univ. Neb. Agr. Exp. Sta. Res. 
Bull., 91, 1937. 



LINEAR GROWTH, FORM, AND FUNCTION 


633 


is satisfactory for each of the linear measurements growing at a cliiTerent 
relative rate (lOOA') from every other linear measurement. The exponential 
equation L = A - Be-'“ (Ch. 16) may thus be said to represent the “ground 
plan” of the later linear growth, as indeed of weight growth. 

Fig. 17.13 shows that this equation also represents linear growth in man 
following puberty. While the maximum height, A, ranges from 153 to 
172 cm, and the value of lOOfc ranges from 45 to 82 for the various groups, 
they may all be represented by the same equation, L = A — Be they all 

have the same basic growth plan. 

So much for the later (self -inhibiting) phase of linear growth. 

Now as regards the earlier phase, prior to the inflection. Fig. 17.14a shows 
that in cattle, when weight growth has an increasing slope (geomeU’ic pro- 
gression) on arithmetic paper, linear growth has a constant slope (arithmetic 
. progression). Fig. 17.14b shows a similar situation for the growth of man. 
Summarizing, in early life when weight growth tends to occur in a geo- 
metric progression, or exponentially, linear growth tends to occur in an 
arithmetic progression, or linearly. Following puberty, both weight and 
linear growth decline exponentially, as indicated by the excellent fit of the 

equation L = A — Be~'‘‘ to the data. 

17.6.2: Relation between linear and weight growth. .\s previously ex- 
plained, the applicability of the parabola Y = aX» is determined by plotting 
Y against X on a log-log grid, and estimating the value of b by measuring 
the slope of the line drawn through the data by inspection; or if desired, 
this equation may be fitted to the data by the method of least squares (Ch. 13). 
Figs. 17.15 to 17.18 represent weight plotted against some linear size \\ith 
the slope, h, estimated by inspection. Note from Fig. 17.15 that the distribu- 
tion is linear on the log-log grid”, indicating that the parabola fits the data. 

Figs. 17.16 to 17.18 illustrate how such data appear when plotted on aiith- 
metic paper. Here the curve rises as expected from the fact that weight 
growth tends to vary with the cube (third power) of linear growth. How- 
ever as indicated by the equation, the slope is not 3, but it ranges from 
2 for the relation of weight to width of hips, 3 for the relation of ^yeight to 
chest girth and 4 for the relation of weight to height at withers. 1 he chest 
girth thus ’comes nearest to being the theoretical average of linear growth 
—to meeting the dimensional-analysis expectation that weight vanes with 

the cube of linear size. . . , . v 

While the distribution of the weight to linear size data appears to be un- 
eventfully smooth in Figs. 17.16 to 17.18, if the ratios weight/ (linear size) 
are plotted against age, as showm in Fig. 17.19, with the corre.spond.ng values 
of the exponent b given in Figs. 17.16 to 17.18, the resulting curve shows 
systematic variations. This substantiates what was previously said about 

”FiK 17 15 from Ragsdale, A. C., Regan, iM. J., and Brody, S., Univ llwl'ivls' 
Sta. Res. Bull., 142, p. 13, 1930. The other charts plotted froinlables 17.8 10 and 17.15. 
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the capacity of the parabola Y = aX’’ to swallow up in the general trend 
small though significant differences in rate and method of growth. 

What was said about the relative-rate of growth of cattle probably holds 
true of other grazing animals, for example, horses, as indicated in Fig. 17.20. 
The numerical values of the .slope, h, for growing horses is nearly the same 

as for growing cattle. 

'I'he relative-i'ate of growth of humans .shows an opposite extreme as illus- 
trated in Figs. 17.21 and 17.22. The relation of weight to height in humans 
shows conspicuous breaks in the curve at 1, 5, and 15 years, the last two ages 
corresponding to the beginning and end of the juvenile period, and the first 
the end of the exclusive dependence on milk. (Compare vith Figs. 16.7, 
16.50, 16.52 and especially 17. le.) Moreover, proportional gro\vth at dif- 
ferent ages in humans is in many respects different from that in horses and/or 
cattle. Thus in humans, leg length is relatively slow prenatally and most 
rapid during the juvenile period (Fig. 17.1); in cattle and horses, practically 
all the leg-length growth is completed before birth. The parabola does not, 
therefore, represent the relation of weight to linearly measured complexes as 
satisfactorilv in humans as it does in cattle and horses, but it is the best 
e(iuation available for analytic as well as predictive purposes, which we 
consider next. 

17.6: Estimating weight of cattle from chest girth. Dairymen do not 
often have scales for weighing cattle; yet weight is very important for esti- 
mating feed needs, energetic efficiency, and monetary profit from milk produc- 
tion (Ch. 22) and growth. The apparently satisfactory applicability of the 
parabola Y — aX^ to the relation of weight to chest girth (Figs. 17.15, 17.16, 
17.23, 17.24) suggested the idea of employing the equation for predicting 
weight from chest girth^’*. Accordingly, this parabola was fitted, by the 
method of least squares, to 15,610 pairs of body-weight and chest-girth 
measurements of dairy cattle of all ages owned by the Missouri and Nebraska 
agricultural experiment stations,^^' with the results sho\\*n graphically m 

Fig. 17.23. 

The heavy line represents the fitted parabola; the light broken lines, the 
standard errors of estimate, +Sr and —Sr, between which are included two- 
thirds of the data. The constant, p, for the logarithmic relation corre- 
sponds to the coefficient of correlation, r, for arithmetical relations. 

All the curves in Fig. 17.23 were brought together for purpases of compari- 
son in Fig. 17.24. The outside broken lines represent the standard error of 
estimate of all the data. 

Figs. 17.23 and 17.24, which include 15,610 weight-chest measurements, 
represent 6 sets of data: 2454 measurements on Missouri Holstein cattle, 
2235 Missouri Jerseys; 5866 Nebraska Holsteins; 2758 Nebraska Jerseys, 

3SThe chest girth is easily measured by placing the tape about 6 inches back of the 
front legs. 
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840 Ncbniska Guernseys; and 1457 Nebraska Ayrshires. A close examina- 
tion of the curves in Fig. 17.24 indicates that during the earlier periods, the 
Nebraska cattle, particularly the Holsteins, are hea\’ier for a given chest 
girth than the Missouri. This difference is attributed to the higher nutri- 
tional level of the Nebraska cah'es and to the greater influence of a high 


nutritive level on weight than on chest girth. While the difference is signifi- 
cant statistically, it is probably not so practically. 

For purposes of comparing the degree of agreement between observed and 
computed weights, “observed” weights were obtained by grouping the chest- 
girth values into 1-inch intervals, disregarding age, and computing the geo- 
metric means^® of the weights for these 1-inch chest-girth inter\’als. These 
“observed” means are compared in Table 17.10 to those computed from the 

fitted parabola. 

An attempt was made to improve the predictive ^•alues of chest girth by 
sorting the data by ages into month intervals, then relating weight to chest 
girth for each month separately. The results are .shown in Tables 17.11 to 17.14 

in the appendix. 


Wliile including age in the prediction table improves the prediction value of the chart, 
the following shortcomings of the age-girth-weight prediction charts may be pointed out ; 

(1) Dividing the data by age classes reduces the number of data in each class, and 

consequently reduces the regularity of distribution of the data. 

(2) As a result of (1), the fit of the parabola Y = aX” to data and its prediction values 

become less certain. , . , 

(3) The numerical value of b of the parabola, when thus fitted to the reduced data, 

is not near 3, as found when the data are grouped by chest girth regardless of age, but is 
near 2, a result which is very disturbing from the viewpoint of dimensional analysis, 

and suggests further investigation. • f 

(4) Difference in feed supply probably affects predictions obtained on the basis of 
age classes to a different extent than when age is overlooked. This problem obviously 

calls for further intensive study. 

From the above considerations it is not safe to advise whicli metliod of prediction 

should be used, that iiiTable 17. 10, ignoring age, or that in Tables 17. 11 to 17. 14, including 

age. The dairyman will simply liave to check each of the tables on the animals in liis 
herd, and use the ones which give best agreement with his own measurement. s. 

The use of Table 17.10 for prediction is simple: measure thechest girthand read t lie 
weight from tlic column rc[)iesenting a given breed, or from the grand average. 1 his is 
perhaps the best method, although no doubt special gadgets, slide rules, etc may be de- 
vised for this purpose. There is need for a good tape measure, one which will with- 
stand the rough handling without stretching, shrinking, curling, and breaking. 

To estimate weight from Tables 17.11 to 17,14, measure chest girth, note the age of 
animal and read the weight corresponding to the given chest girth and age. 1 he 

bold-face values represent the averages of the measured animals. 

The following are additional comments in favor of employing chest girth and the 

logarithmic equation for predicting weight: 

~»^here is no practical difference between geometric and arithmetic means for the given 
narrow chest eirth intervals. The geometric means are probably theoretically superior 
Tthe ariM of the geometric or logarithmic relation between weight 

and chest girth. 
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(1) From the viewpoint of dimensional analysis, chest girth comes nearest to being 
representative of the linear size of the animal as a whole because the numerical value 
of the exponent h in the parabola is nearest to 3. This means also that weight growth 
is most closely correlated with chest-girth growth. 

(2) If the ratio weight/(chest girth)** is plotted against age, as shown in Fig. 17.25, 
it does not exhibit the same consistently systematic deviation from the average in all 
groups. The fact that the trends vary from group to group indicates that they are 
probably caused by management (feeding) conditions. Thus the Nebraska curves 
show high, and the Missouri curves low initial ratios. The group differences in weight 
at given chest girth levels indicate that the relation between weight and chest girth is 
in part dependent on nutritive condition; a relatively high nutritive level at the early 
ages causes a relatively (with regard to the equation level) greater weight increase than 
chest-girth increase, presumably because of relatively greater weight deposition in 
other regions than around the chest. 

(3) While the precision of the measurements is arithmetic, that of the fit of the equa- 
tion is logarithmic. Now it can be shown that in the equation Y — aX^ and its logarith- 
mic form log F = logo + 6 log X the precision of log F is F times the precision of F; 
therefore the predictive reliability is better when employing a logarithmic equation 
fitted logarithmically, as was done in this section, than when employing an arithmetic 
equation fitted arithmetically. 

(4) It may be noted, as is generally known, that weight measurements, Y, can be 
made with greater precision than linear measurements, X. Account should be taken 
of these differences in precision of measurements in fitting the equation;^® this was not 
done. However, of all the linear measurements taken of cattle, those of chest girth 
probably involve least error, and therefore give best predictions for body weight. 

Summarizing, this section presents an important practical application of 
the parabola Y = aX^: a vast body of data (15,610 animals) representing 
four breeds of cattle of all ages and conditions at the Missouri and Nebraska 
Stations were welded together by this parabola for the purpose of preparing 
a thoroughly representative and reliable table for estimating weight from 
chest girth of dairy cattle of unknown (Table 17.10) or kno\\Ti (Tables 17.11 to 
17.14) ages. Statistical analysis indicates that changes in chest girth and weight 
in cattle are particularly well correlated, and that when using the average 
curve in Table 17.10, two-thirds of the prediction over the whole range of data 
may be expected to fall within zb 13 per cent of the average. Theoretically, 
closer prediction may be expected if the breed prediction table is employed, 
and still closer if the breed-age-chest girth-weight tables (17.11 to 17.14) areem- 
ployed. Of all the linear measurements investigated, chest girth in growing 
cattle appears to be most closely correlated with body weight, and is most 
nearly representative of the linear size of the animal. This is indicated b> 
the fact that weight varies most nearly with the cube of chest girth. This 
means that an increase in chest girth by 1 per cent is associated with an 

approximately 3 per cent increase in body w^eight. 

17,7: Estimating nutritive condition of cattle from height at withers. 
Nutritive condition in the sense of undeiwveight or overw'eight is an impor- 

«Deming, W. E., U. S. Bureau of the Census, Washington, D. C., Personal com- 
munication. 
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tant factor in the efficiency complex (Ch. 5). It is, therefore, important to 
have a method for measuring the nutritive condition of an animal in com- 
parison to a standard, for example, the average condition of cattle of the breed. 

It was demonstrated in the preceding section that chest girth is one of 
the linearly measured complexes most closelj" correlated with body weight. 
Height at withers, on the other hand, is one of the measurements least corre- 
lated with body weight. This is demonstrated in Fig. 17.1b, in which the 
weights, chest girths, and heights at \\ithers are plotted against age on arithlog 
paper. At age 3 years, the weight of the full-fed group I is o\er twice that 
of the underfed group II; the chest girth of the full-fed group I is corre- 
spondingly greater than of the underfed group IT, but the height at withers 
of both groups of cattle is virtually the same. Height at withers in cattle is 
not easily influenced by nutritional conditions, partly because over half of 
this linearly measured complex is completed by the time the animal is born. 

It therefore seemed that height at withers would make an ideal reference 
base for estimating the degree of fleshiness of an animal in comparison to her 
own ideal size, or at least in comparison to the average animal of her breed. 
Thus, if a given Holstein having a height at withers of 52 inches weighs 
1100 pounds, and the ideal Holstein (of the same age if possible) weighs 1000 
pounds, the given animal is 100 pounds, or 10 per cent, overweight. 

The problem of this section is to weld together a large body of data on 
the relation of weight to height at withers with the aid of the parabola Y = 
aX‘ in the same manner as was done in the preceding section on the relation 
of weight to chest girth, employing the same animals. The results are 
shown in Fig. 17.26. The corresponding numerical predictions relating weight 
to height, without reference to age are given in Table 17.15. The predictions 
of weight to height at withers including the age factor are given in Tables 
17.16 to 17.19. These tables are based on the Nebraska data. The Missouri 
and Nebraska data do not agree as well for this height-at-withers relation as for 
chest girth. This very disagreement testifies to the sensitiveness of height 
at withers as a reference base for estimating the nutritive state of cattle. 
The two stations feed the animals on somewhat different planes, with conse- 
quent differences in the ratios. 

Summarizing, this section presents another practical application of the 
parabola Y = aX^ namely for predicting nutritive condition from height at 
withers of cattle. The weight of growing cattle varies not with the cube 
of linear size, as was previously found for the relation of weight to chest 
girth, but more nearly with the fourth (4.3) power. This means that increas- 
ing height at withers by 1 per cent tends to increase body weight by approxi- 
mately 4 per cent. In other words, height at withers in growing cattle is 
very much less influenced by increase in body weight than is chest girth. This 
fact is illustrated in several ways in the text. The fit of the parabola Y = aX‘ 
is not as satisfactory in relating weight to height at withers as it is in relating 

weight to chest girth. 
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17.8: Note on the relation of weight to height in humans. Because the growth curves 
of humans are more complicated and variable than of cattle, the method of assessing 
body build and nutritional status of cattle is not satisfactory for humans. 

.Many indices of bodv build and of nutritional status of children have been published." 
In Europe one usually hears of the “baric index”," which is 100 times the ratio of weight 
to the cube of height (100 X weight/height^) , or what is equivalent, the “ponderal in- 
dex”, 100 X weightVheight. , 

.\s previously explained, weight rises with the cube of linear size, or the cube root of 

weight rises with the linear size in geometrically similar bodies, which human bodies 
are not. These indexes do not seem to the writer to be rational. 

The common index in this country is weight for given height and age." Davenport" 
suggested that “for voting adult males the best index of build is apparently obtained 
by dividing weight by the square of stature”. (Figs. 17.21-2 indicate the reason for the 
diflieulties in finding one overall value of h in the index of build Y/X’’ for man.) 

WetzeP^ gave the best expression to the weight-height-age status. The usual three 
measurements are taken (height, weight, and age), from which Wetzel estimates body 
build developmental level, nutritional level, basal heat production, and dietary caloric 
need.s with the aid of his chart. Wetzel’s grid is a weight-height surface flanked by a 
.series of isodevelopmental “channels”, probably fractions or multiples of the standard 

nrror of estimate. , , 

The use of Wetzel’s chart involves taking a series of measurements of the same child 

at least twice, thus considering “the individual child in relation to his own past record 
of progress”. The .outstanding feature of Wetzel’s method is that it permits estimation 
of normality of body build by the degree of parallelism of the weight-to-height curve of 
the given child to the standard weight-to-height curve plotted on a logarithmic gri . 
The child’s nutritional condition progresses normally if his weight-to-height curve 
parallels the standard, although it may be some distance above or below the standar . 
The child tends toward obesitv or malnutrition if his weight-to-height curve is, fespec- 
lively.more or less steep than the average. It is, of course, conceivable that the child s 
curve may parallel the standard, yet be obese or emaciated, when the same degree of 
obesity or malnutrition is maintained throughout growth. Likewise, a rise or decline 
in the slope of the weight-to-height curve may represent approach to normal from mal- 
nutrition or from obesity, respectively. In other words, this method, like other methods 
of assessing normality, is a valuable aid to, but not a substitute for, judgment. 

Wetzel’s grid stresses the idea that children of different body build tend to 
(rather than to coincide with) the average course of the weight-to-height curve. This 


" “Renort on the work of the group of experts appointed to study methods of assessing 
the state of nutrition in infants and .adolescents,’’ Ridf. tfeaft/i Orf/. u’ 

6 129 (1937). See also, Dublin, L. I., and Gebhart, .1. C ., f 

iflentifv undernourished children?” New York .\ssoc. for improving conditions o' the 
oor Svdenstricker, E., and Gollins S. D-. “'Ve ght "'"1 

!.ninao\ of nutrition,” Pub. Healih /ftp., 38 (1923). Jenss, Ruche M., and Sourer, 
Susan P., “Methods of assessing physical fitness of children,” Children Bureau u 

«C/. Bardeen, C. R., Carnegie Inst. Wiishington, 1 ub., 27-, p. 483. 

«See for example, Baldwin, B. T., Am. J. Physical Anthropology . 8. 1 OP"). 

^Davenport, C. B., ^m. J. Physical Anthropology, 3. 467 f p 

Pub., 17, 341 (1920-1), and “Body build and its inheritance, Carnegie Inst. Wash. 

’’“"wSel!N:C.,yo«r. .La. Med. dssoc., 116, 1187 0941). For 'vcrRical exa™^^^^^^ 
the Wetzel method, see Hildc Bruch, Jour. .dm. Med. Assoc., 118, 1289 (U42;, 
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itieii was stressed by others, but Wetzel’s unuiue contribution is the design ul his cluirt ; 
it brings together the weight, heiglit, age, and also metabolism data into one conven- 
iently designed chart. The weight-to-height zone is divided into seven “physique 
channels” above and below the standard or middle line, M\ labelling each line or chan- 
nel, and explaining that “healthy development continues in an established channel as 
though this were a preferred path”; in other words, the weight-to-height curve of a 
normally growing child parallels the standard curve. 

The position and slope of a given child’s curve below or above the average indicates 
his relative body build or nutritional level and his trend to average, stock, stout, plump, 
obese, thin, or slender. 

These “physique channels” are connected by lines called “isodevelopmcntal levels” 
to a panel on the right side giving a series of “auxodromes” (Greek, course of growth). 
The body weight and body build or “nutritional” status (weight-to-heiglii) are thus 
related to chronological age, or to “developmental age”; corre.sponding to the position, 
including two-thirds of tlie children in the given weight class) and akso to basal metab- 
olism. 

Wetzel notes that the onset of the menarche, which occurs on the average at age 13. t> 
Years, is correlated with “the final deceleration of growth in weight. . .in the neigh- 
borhood of the greatest upper curvature”. 

17.9; Estimating the amount of wool or feathers from body weight. 

Assuming: (1) that the major function of the body covering of hair, wool, 
and feathers is the regulation of heat loss from the body; (2) that heat loss 
is proportional to surface area; and considering that (3) hair and feathers 
have their anchorage in the surface area of the body, it is logical to expect 
that the amount of wool and feathers would be proportional not to body 
weight but to the surface area of the body. Unfortunately there is some 
uncertainty as to what biological unit of amount of hair or feathers one 
should adopt. Should it be the numher of hairs or feathers? There are 
objections to number as unit of covering, because the length and structure 
of the individual hairs or feathers vary. There are, likewise, objections to 
weight as unit of covering because, especially in feathers, the structural part, 
such as the (luill, is a very substantial part of the feather weight, yet its 

heat-regulating function is probably slight. 

Lacking rational units of “amounts” of hairy or feathery covering, wool 

weight, feather weight, and also feather numher were related^* to body weight 
and also to surface area by the parabola Y = aX\ with results shown in 

Figs. 17.27 and 17.28a to c. 

In yearling Shrop.shire sheep, wool weight is practically proportional to 
surface area. Both vary with approximately the 0.5 power of body weight. 
In older animals, however, wool weight does not increase as rapidly as surface 
area. Unlike wool weight, feather weight is almost directly proportional to 

«C/. Baldwin, B. T., “The physical growth of children from birth to maturity.’’ 

Univ. Iowa Studies in Child Helfare, I, Ivo. 1 (1921). * i i i " 

unrenlich W. W., “Handbook of methods for the study of adolescent clnldren. 

Monographs 6'oc. Res. Child. Dev. No. 2, p. 1, p. 53 (1938). Shuttleworth *^0 

“Sexuid maturation and the physical growth of girls age six to nineteen, Id., Vol. 2, 

^"«Brod?!k, and Campbell, J., Univ. Mo. .\gr. Exp. Sta. lies. Bull., 287, 1938. 
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body weight. Feather number, however, increases less rapidly than surface 
area with increasing body weight. Feather weight increases ■with the first 
power of body weight, while feather number increases approximately with 
the 0.2 power of body weight. 

The physiologic (thermoregulatory) significance of the above results will 
remain uncertain until a “physiologic unit” of wool or feathers is discovered. 
The fact that feather number and feather weight increase at such ^videly 
different relative rates suggests that probably neither is a satisfactory index 
of insulating or thermoregulatory capacity of feathers, and that a mechanical 
necessity not related to thermoregulation enters the observed relationships. 
Thus the weight of the supporting quill must, for mechanical reasons, increase 
more rapidly than that of the insulating vanes. 

17.10: S umm ary. It is shown that to maintain homeostasis the body 
must change in form during growth, that is, with increasing weight. This 
chapter is not concerned with the detailed mechanisms of this change, but 
with the numerical interrelations between visceral organs, functional level 
and body weight, and linear size and body weight. The form of an animal 
at any time is the resultant of many factors, one of which is balance between 
geometric law on one hand and necessity for physiologic stability or homeo- 

statis on the other. 

Function is intimately correlated with structure and form. The art of 
animal judging is based on insight into these correlations; this art is crude 
because only the grosser aspects of form and structure are available for 
examination and comparison. The principle that function is an expression 
of structure is, however, unassailable. Thus a given level of milk production 
is an expression of certain structural details and organization, for example, 
structure and size of the mammary gland, cardio-respiratory system, diges- 
tive sj^stem, endocrine system, and so on. Likewise, the excellence of a 
work- or race-horse is the expression of the quality and size of its cardio- 
respiratory system, locomotory system, and so on. Similarly intellectual 
and emotional, or temperamental, characteristics are expressions of the 
relative quantity and structure of brain and nervous system, endocrine 
system, and no doubt of the more vegetative systems, such as cardio-respira- 
tory, digestive, excretory, and so on. To quote CarreF®, “Structure and 
function are two aspects of the same thing. Each structural detail possesses 
its functional expression. . . . The significance of a given structural state is 
bound to the knowledge of the corresponding physiological state. Structure 

and function must be considered simultaneously.” 

The parabola Y = aX* is the most satisfactory empirical® equation for 
relating part to part or to whole of structure or function in animals of different 

^“Carrel, A., “The new cytology,” <Science, 73, 298 (1931). o. „ 

^»C/ Teissier, G., Ann. Physiol el physico-chim biol., 12 , 527 (1936), and Travaux Station 

Roscoff, 9, 29-239 (1931). 
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size. The parabola is one of the three commonly employed equations in the 
physical sciences and engineering, and it is equally useful in biology. (The 
other. two are the exponential, used for growth (Ch. 16), and the linear, which 
is included in the parabolic when 6 = 1.) The applicability of this equation 
to data means only that an increase of 1 per cent in X is associated with an 
increase of b per cent in Y. This is all it means. Thus, the equation relating 
basal metabolism, Y, to body weight, A"* (Ch. 13), by the equation Y = 

merely states that a body weight increase of 1 per cent is associated 
with a basal metabolism increase of 0.73 per cent; incretvsing body weight 
100 per cent increases basal metabolism 73 per cent; or the ratio of 
— 70.5. While this equation is empirical, it is extremely useful because of 
its wide, clear-cut descriptive powers and its manipulative simplicity. 

This parabola was employed successfully for relating many visceral organs 
to body weight. In most cases the value of the exponent, h, is less than 
unity, near 0.7 or 0.8. This is especially true for the metabolism-activating 
organs, that is, members of the neuro-endocrine system, and more particu- 
larly the brain, including the pituitary. 

The weight of blood and heart have the highest value of 5; the blood and 
heart come nearest to varj’ing directly with body weight in mature animals 
of different species. There are, however, considerable species differences in 
relative heart weight, depending on relative physical exertion. Athletic 
species have larger hearts than non-athlctic, just as, usually, the moie intelli- 
gent species have larger brains then the less intelligent. There are, of course, 

individual exceptions. 

This parabola was also employed successfully for relating body weight to 
linear size in cattle, and the result used for estimating weight from chest 
girth and nutritive condition from height at withers. In this species, weight 
varies approximately w'ith the third power of chest giith and with the fouith 
pow'er of height at withers. Chest girth comes nearest to meeting the theo- 
retical expectation that volume (weight) varies with the cube of linear size; 
chest girth is thus the best index of body weight. Height at withers is the 
best reference base for nutritive condition in cattle (and similar grazing 
animals), because in these animals height at withers, unlike chest girth, is 
relatively independent of environmental conditions. This is not the case 
for height growth in man, because most of the height growth is post-natal 
and also, unlike cattle, the post-natal human curve of growth in height luus 
four apparently distinct segments, each having a different value of h ranging 

from 1.6 to 2.8. 

Wool production increases with approximatel.v the 0.5 power of body 
weight, as does surface area; that is, increasing body weight by 1 per cent 
increases wool weight in yearlings by about 0.5 per cent. The increase in 
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wool production is somewhat less at more advanced age. Feather weight 
increa^^e more rapidly than feather nianber, less rapidly than surface area. 

Beginning with puberty, linear growth follows the same course, that repre- 
sented by the equation Y = A — as weight growth; but the rate, k, 
of approach to mature size is different. Preceding puberty, when the rate of 
weight growth increases exponentially (at a constant percentage rate and at 
increasing time rate) the rate of linear growth is at a constant lime rale. Each 
of the 21 different kinds of linearly measured complexes in cattle discussed 
in the text has a different growth constant, A:, reflecting the age changes in 
form and, consequently, function. Growth after puberty, or after the major 
inflection, follows the same ‘‘ground plan’' regardless of whether it be weight 
or linear size; preceding puberty, however, the patterns are different. 


Several important ‘‘prediction” tables are i)resented and illustrated by 


charts. 


17.11: Appendix. This appendix includes the tables which could not be 
included in the text because of overcrowding. 


Table 17.1. The Relation of Organ Weight to Body Weight in Approximately 

I 

Mature Animals of Different Species 


Animals 


Dairy co\s's.. 

Steers 

Sheep 

Hogs 

Horses 

Chickens 

Dogs 

Rats 

Guinea pigs. 
Monkej's . . . 
HumanK. . . . 
Elephant... . 

Whales 

Whales 


Live 

Weight 


fkg) 


4$8 

700 

52 

125 

COO 

1.3 

10 

.25 

.8 

4.0 

CO 

6,650 

58,000 

122,000 


Heart 

(gm) 


18S0 

2300 

280 

350 

4250 

m 

85 

.94 

2.3 

23 

320 

2,200 

631,000 



0400 

5000 



2K 

420 

12 

27 

110 

1700 

6300 


3000 

3900 

710 

5400 

10 

120 

1.3 

5.0 

30 


Organ Weight 


Stomach 

Blood and In- Kidney Brain 
testines 

(gm) (gm) (gm) (gm) 


21,300 

25.000 

1,100 

4,900 

50 

700 

15 

28 

300 

4,300 


8 . 000,000 


25,200 

2,900 

2,200 

90 

1,500 

20 


1160 

1000 

160 

260 

1660 

10 

70 

2.1 


O 

21 

250 

1200 


400 

500 

106 

120 

670 

4 

75 

2 

4.7 

42 

1300 

5700 

4500 


Pitui- Thy- 

tary roid 

(gm) (gm) (gm) 


3.2 


8 
6 

40 42 

.19 .19 

1.3 1.0 

015 . 048 . 038 

017 .65 .13 

I.O .55 

13 24 

44 36 

1380 


Animals 


Dairy cows . 

Steers 

Sheep 

Hogs 

Horses 

Chickens .... 

Dogs 

Monkeys 

Humans 


Live 

Weight 

(lbs) 


1,076 

1,540 

115 

275 

1,320 

2.9 
22 

9.9 
132 


Elephant 14,600 


Heart 


4.1 lbs 

5.1 lbs 

10 oz 
12 oz 

9.4 lbs 
.25 oz 
3 oz 
.8 oz 

11 oz 
4.8 lbs 


Liver 


14.1 lbs 
11 Ib.s 
2.1 lbs 
3.5 lbs 

14.8 lbs 
1 oz 

15 oz 
3.9 oz 
3.7 oz 

13.9 lbs 


Lung 


7.9 lbs 

8.6 lbs 

1.6 lbs 

11.9 lbs 
.35 oz 
4.2 oz 
1.1 oz 


Organ Weight 


Blood Kidney Brain 


47 lbs 
55 lbs 

2.4 lbs 
10.8 lbs 

1 .8 oz 

1 .5 lbs 
11 oz 

9.5 lbs 


2.6 lbs 
2.2 lbs 

5.6 oz 
9 oz 

3.7 lbs 
.35 oz 

2.5 lbs 
7.4 oz 
9 oz 

2.6 lbs 


14 oz 
18 oz 
3.6 oz 
4 oz 

1 .5 lbs 
.14 oz 

2.6 oz 
1.5 oz 
2.9 lbs 

12.6 lbs 


Adrenal 

(oz) 


1.1 

.28 

.21 

1.4 

.007 


.035 

.46 

1.55 


Thyroid 

(oz) 


1.2 

.35 

.26 

1.5 

.007 

.035 

.019 

.85 

1.26 
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Table 17 . 2 . Prediction Table and Statistical Constants for Fitted Equations 
Organ Wt. = a (Body Wt.)^ For Mature Dairy Cattle of Different Live Weights 



( 1)6 

{2) Sb 

(3) p 

(4) 

(5) ~Sr,7o 

(6) a 


.66 
.08 
.50 
13.8 
12.1 
.127 lb 
.097 kg 


.61 

.10 

.39 

17.7 

15.0 
.58 U) 
.43 kg 


.56 
.07 
.50 
11.6 
10.4 
.018 lb 
.064 kg 


.52 
.10 
.34 
18.0 
15.3 
.187 lb 

.128 kg 


.45 
.06 
.44 
10.8 
9.7 
.94 lb 
.61 kg 


.34 

.07 

.33 

8.6 

7.9 

3.76 11) 
2.22 kg 


.12 

.06 

.13* 

10.8 

9.7 

6.82 oz 
193 gm 


(1) The constant b represents appro.ximatoly (exactly for exceedingly small changes) the percentage change 
in organ weight corresponding to a 1% change in body weight. Thus, when the body weight increa-ses from 850 
to 950 pounds which is a change of 11.76%, the intestines incrcjLsc from 19.0 to 20.0 pounds, which is a change of 

6.26%. 


Therefore, 6 = = -45. 

11.46 


(2) The constant is the standar<l error of the slope b. For similar sets t>f data (204 cows of \ anous breeils 
the values of b couhl be expccte<l t wo tim«-s out of t breo to differ from our values of h by not more t han ±S\. 

(3) The constant, p, the coefficient of correlulion of the logarithms of the variables, indicates the degree of 

relationship between variable.s. . . , , , ^ • j- . 

( 4 ) & (5) The constants and -Sr, called the staiulartl error of estiinale, uidieate Ihe percentage range 

about the fitted line that includes \ of the data. For example, the weight of intestines of siniihir 950 pound cows 


would not be expected more than one time in thre<* to exceed 20 |K)Uim1s by more limn .lOS X 20 = 2.16 pounds, 
or fall below 20 pounds by more than .097 X 20 = 1 94 pounds. 

(R\ Theconstantoi.Heinpirieal.aiul unlike 1 he other statistical constants depends on the unil.s employed. 


t6) The constant 0 
* Not sigriUicunl. 
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Table 17.3. Organ Weight as Percentage of Body Weight, Mature Animals of 
. Different Species, Computed from the Fitted Equation Y = aX^ 


Body 

\\t. 

(gm) 

Body \Vt. 
(oz) 

Brain 

(%) 

Thyroid 

(%) 

Adrenal 

(%) 

Pitui- 

tary 

(%) 

Heart 

(%) 

Kidney 

(%) 

Lung 

{%) 

Liver 

(%) 

Blood 

(%) 

S&I. 

(%) 

10 

.35 


.0183 

BH 

.0073 

.634 

1.49 

1.200 

6.14 

5.37 

9.80 

20 

.71 


.0174 


.0062 

.626 

1.34 

1.193 


5.32 

9.40 

30 

1.06 


.0168 

.0555 

.0057 

.622 

1.26 

1.187 

5.31 

5.30 

9.18 

40 

1.41 

2.64 

.0165 

.0524 

.0053 

.620 

1.20 

1.182 

5.11 

5.28 

9.03 

50 

1.76 

2.47 

.0162 

.0501 

.0050 

.617 

1.16 

1.178 


5.27 

8.91 

60 

2.12 

2.34 

.0160 

.0482 

.0048 

.616 

1.13 

1.176 

4.84 

5.25 

8.81 

70 

2.47 

2.23 

.0158 

.0468 

.0046 

.614 

1.10 

1.173 

4.74 

5.24 

8.73 

SO 

2.82 

2.14 

.0156 

.0455 

.0045 

.613 

1.08 

1.171 


5.24 

8.66 

90 

3.18 

2.07 

.0155 

.0444 

.0044 

.611 

1.06 

1.169 

4.59 

5.23 

8.60 

100 

3.53 

2.00 

.0154 

.0435 

.0042 

.610 

1.04 

1.167 

4.52 

5.22 

8.55 

200 

7.06 

1.62 

.0146 

.0378 

.0036 

.604 

.938 

1.156 

4.12 

5.18 

8.20 

300 

10.6 

1.44 

.0141 

.0349 

.0033 

.599 

.881 

1.150 

3.91 

5.15 

8.01 

400 

14.1 

1.32 

.0138 

.0329 

.0031 

.597 

.843 

1.146 

3.76 

5.13 

7.88 

(gm) 

(lbs) 

(%) 

■ (%) 

(%) 

(%) 

(%) 

(%) 

(%) 

C%) 

(%) 

(%) 

500 

1.10 

1.23 

.0136 

.0314 

.0029 

.595 

.814 

1.142 

3.65 

5.12 

7.77 

600 

1.32 

1.16 

.0134 

.0303 

.0028 

, .593 

.792 

1.139 

3.56 

5.10 

■fin 

700 

1.54 

1 1.11 

.0133 

.0294 

.0027 

.591 

.773 

1.137 

3.49 

5.09 

7.62 

800 

1.76 

1.07 

.0131 

.0286 

.0026 

.590 

.757 

1.134 

3.43 

5.08 

7.56 

900 

1.98 

1.03 

.0130 

.0279 

.0025 

.589 

.744 

1.132 

3.38 

5.08 

7.60 

(kgs) 

(lbs) 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

1 

2.20 

.996 

.0129 

.0273 

.0025 

.588 

.732 

1.131 

3.33 

5.07 

7.46 

2 

4.41 

.808 

.0122 

.0234 

.0021 

.581 

.658 

1.120 

3.04 

5.02 

7.16 

3 

6.61 

.714 1 

.0119 

.0219 

.0019 

.577 

.618 

1.114 


5.00 

6.99 

4 

8.82 

.654 

.0116 

.0207 

.0018 

.575 

.591 

1.110 

2.77 : 

4.98 

6.87 

5 

11.0 

.612 

.0114 

.0197 

.0017 

.572 

.571 

1.106 


4.97 

6.78 

6 

13.2 

.579 

.0113 

.0191 

.0016 

.571 

.555 

1.104 

2.62 

4.96 

6.71 

7 

15.4 

.552 

.0111 

.0185 

.0015 

.569 

.542 

l.lOl 

2.57 

4.95 

6.64 

8 

17.6 

.530 

.0110 

.0179 

.0014 

.568 

.531 

1.099 

2.53 

4.94 

6.S9 

9 

19.8 

.512 

.0109 : 

.0175 

.0014 

.567 

.521 

1.097 

2.49 

4.93 

6.54 

10 

22.0 

.496 

.0108 

.0171 

.0014 

.566 

.513 

1.096 

2.45 

4.93 

6.51 

20 

44.1 

.402 

.0102 

.0149 

.0012 

.560 

.461 

1.085 

2.24 

4.88 

6.24 

30 

66.1 

.355 

.0099 

.0137 

.0011 

.556 

.433 

1.079 

2.12 

4.86 

6.09 

40 

88.2 

.325 

.0097 

.0129 

.0010 

.553 

.414 

1.075 

2.04 

4.84 

5.99 

50 

no 

.304 

.0095 

.0124 

.0009 

! .551 

.400 

1.072 

1.98 

4.83 

5.91 

60 

132 

.288 

.0094 

.0119 

.0009 

.550 

.389 

1.069 

1.93 

4.82 

5.85 

70 

154 

.274 

.0093 

.0115 ' 

.0008 

1 .548 

.380 

1.066 

1.89 

4.81 

5.80 

80 

176 

.264 

.0092 

.0112 1 

.0008 

, .547 

.372 

1.065 

1.86 

4.80 

5.75 

90 

198 

.254 

.0091 

.0110 1 

.0008 

! .546 

.365 

1.063 

1.83 

4.79 

5.71 

100 

220 

.246 

.0090 

.0107 

.0008 

.545 

.359 

1.062 

1.81 

4.78 

5.68 

200 

441 

.200 

.0086 

.0093 

.0006 

.539 

.323 

1.056 

1.65 

4.74 

5.44 

300 

661 

.177 

.0084 

.0086 

.0006 

.536 

.304 

1.046 

1.56 

4.72 

5.32 

400 

882 

.162 

.0082 

.0082 

.0005 

.533 

.290 

1.042 

1.50 

4.70 

5.23 

500 

1102 

.151 

.0080 

.0078 

.0005 

.531 

■ .280 

1.038 

1.46 

■Pa 

5.16 

600 

1323 

.141 

.0079 

.0075 

.0005 

.529 

.273 

1.036 

1.42 


5.10 

700 

1543 

.136 


.0072 

.0005 

.528 

.266 

1.033 

1.39 

4.67 

5.06 

800 

1764 

.131 

.0077 

.0070 

.0005 

.527 

.261 

1.032 

1.37 

4.66 

5.02 

900 

1984 

.126 

.0076 

.0069 

.0004 . 

.526 

.256 

1.030 

1.35 

4.65 

4.98 

1000 

2205 

.122 

.0076 

.0067 1 

.0004 

.525 

.252 

1.029 

1.33 

4.65 

4.95 

2000 

4409 

.099 

.0072 

.0058 

.0004 

.519 

.226 

1.019 

1.21 

4.61 

4*75 

3000 

6614 

.088 

.0070 

.0054 

.0003 

.515 

.213 

1.013 

1.15 

4.58 

4.64 

4000 

8818 

.080 

.0068 

.0051 

.0003 

.513 

.203 

1.009 

1.11 

4.57 

4.56 

5000 

11023 

.075 

.0067 

.0049 

.0003 

.511 

.196 

1.006 

1.07 

4.56 

4.50 

50000 

110231 

.037 

.0056 

.0030 

.0001 

.493 

.138 

.975 

.79 

4.43 

3.93 


220462 

.030 

.0053 

.0026 

.0001 

.487 

.124 

.965 

.72 

4.39 

3.77 
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Table 17 . 4 . Organ Weights for Given Body Weights of Mature Animals of 
Different Species Computed from the Equation Y = aX^ Fitted to the 

Data by the Method of Least Squares 


Body 

Wt. 

(gm) 

Brain 

Wt. 

(gm) 

10 

.402 

20 

,652 

30 

.865 

40 

1,06 

50 

1.24 

60 

1.40 

70 

1.56 

80 

1.71 

90 

1.86 

100 

2.00 

200 

3.24 

300 

4.30 

400 

5.26 

500 

6.15 

600 

6.98 

700 

7.77 

800 

8.53 

900 

9.26 

(kg) 

(gm) 

1 

9,96 

2 

16.2 

3 

21.4 

4 

26.2 

5 

30.6 

6 

34.7 

7 

38.7 

8 

42.4 

9 

46.1 


10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
2000 
3000 
4000 
5000 
50000 
100000 


49.6 

80.4 

107 

130 

152 

173 

192 

211 

229 

247 

400 

531 

648 

758 

850 

958 

1050 

1140 

1230 

1990 

2640 

3230 

3770 

18800 

30400 


Thyroid 

\Vt. 

(mg) 


Adrenal 

Wl. 

(mg) 


I. 83 
3.48 

5.06 
6.60 
8.10 
9.59 

II. 1 

12.5 

14.0 

15.4 

29.2 

42.4 

55.3 

68.0 

80.5 

92.8 
105 
117 

(gm) 

.129 

.245 

.356 

.464 

.571 

.675 

.779 

.881 

.982 

1.08 

2.05 

2.99 

3.90 

4.79 

5.67 

6.53 

7.39 

8.24 

9.08 

17.2 

25.1 

32.7 

40.2 

47.6 

54.8 

62.0 

69.1 

76.2 
145 
210 
274 
337 

2830 

5360 


6.93 

12.0 

16.6 

20.9 

25.0 

29.0 

32.7 

36.4 

40.0 

43.5 

75.7 
105 
132 
157 
182 
206 
229 
251 


Pituitary 
\Vt. 

(mg) 

.734 

1.24 
1.70 
2.11 
2.50 
2.88 

3.24 
3.58 
3.92 

4.25 
7.20 
9.81 
12.2 

14.5 

16.6 

18.7 

20.7 

22.7 


(gm) 

.273 

.475 

.657 

.827 

.988 

1.14 

1.29 

1.44 

1.58 

1.72 

2.99 

4.13 

5.20 

6.21 
7.18 
8.12 

9.03 
9.92 
10.8 

18.8 

25.9 

32.6 

39.0 

45.1 

51.0 

56.8 

62.3 

67.8 
118 
163 
205 
245 
1540 
2680 


(gm) 

.0246 

.0417 

.0568 

.0707 

.0838 

.0963 

.108 

.120 

.131 

.142 

.241 

.328 

.413 

.485 

.557 

.626 

.694 

.759 

.822 

1.39 

I. 90 
2.36 
2.80 
3.22 
3.62 
4.01 

4.39 
4.76 

8.07 

II. 0 

13.7 
16.2 

93.8 
159 


Heart 

\Vt. 

(gm) 


.0634 

.125 

.187 

.248 

.309 

.369 

.430 

.490 

.550 

.610 

1.21 

1.80 

2.39 

2.97 

3.56 

4.14 

4,72 

5.30 

(gm) 

5.88 

11.6 

17.3 

23.0 

28.6 

34.3 

39.9 
45.5 

51.0 
.56.6 

112 

167 

222 

276 

330 

384 

438 

492 

545 

1080 

1610 

2130 

2660 

3180 

3700 

4220 

4740 

5250 

10400 

15500 

20500 

25600 

246000 

487000 


Body 

Wt. 

(lbs) 

Brain 

Wt. 

(lbs) 

.1 

.00254 

.2 

.00412 

.3 

.00547 

.4 

.00668 

.5 

.00780 

.6 

.00886 

.7 

.00987 

.8 

.0108 

.9 

.0118 

1 

.0126 

2 

.0205 

3 

.0272 


Thyroid 

Wt. 

(oz) 


.000261 

.000495 

.000720 

.000940 

.00116 

.00137 

.00158 

.00178 

.00199 

.00219 

.00416 

.00605 


Adrenal 

Wt. 

(oz) 

.000816 
.00142 
.00196 
.00247 
.00295 
.00341 
.00386 
.(MH29 
.00471 
.00512 
.00891 
.0123 


Pituitary 

Wt. 

(oz) 

.0000822 

.000139 

.000190 

.000236 

.000280 

.000322 

.000362 

.000401 

.000438 

.000475 

.000800 

.00110 


Kidney 

Wt. 

(gm) 

.149 
.268 
.377 
.481 
.581 
.678 
.772 
.864 
.954 
1.04 
1.88 
2.64 
3.37 
4.07 
4.75 
5.41 

6.06 
6.69 

(gm) 

7.32 

13.2 

18.5 

23.6 

28.6 

33.3 

38.0 
42.5 

46.9 

51.3 

92.2 
130 
166 
200 
234 
266 
298 
329 
360 
647 
911 
1160 
1400 
1040 
1870 
2090 
2310 
2520 
4540 
6390 
8150 
9850 

69000 
124000 


Lung 

Wt. 

(gm) 


.120 

.239 

.356 

.473 

.589 

.705 

.821 

.937 

1.05 

I. 17 
2.31 
3.45 
4.58 
5.71 
6.83 
7.96 

9.08 

10.2 

(gm) 

II. 3 

22.4 

33.4 

44.4 

55.3 

66.2 

77.1 

87.9 

98.8 
110 
217 
324 
430 
536 
642 
747 
852 
957 

1060 

2100 

3140 

4170 

5190 

6220 

7240 

8260 

9270 

10300 

20400 

30400 

40400 

50300 

488000 

960000 


Liver 

Wt. 

(gm) 


.614 

1.12 

I. 59 

2.04 
2.48 
2.90 
3.32 
3.73 
4.13 
4.52 
8.25 

II. 7 
15.0 

18.3 

21.4 

24.4 

27.4 

30.4 

(gm) 

33.3 

60.8 

86.4 
111 
134 
158 
ISO 
202 
224 
245 
447 
036 
816 
990 
1100 
1330 
1490 
1650 
1810 
3290 
4680 
6010 
7290 
8540 
9760 
llOOO 
12100 
13300 
24300 
34500 
44300 
53700 

396000 

721000 


Blood 

Wt. 

(gm) 


.537 

1.06 

1.59 

2.11 

2.63 

3.15 

3.67 

4.19 

4.70 

5.22 

10.4 

15.4 

20.5 

25.6 

30.6 

35.7 

40.7 

45.7 

(gm) 

50.7 
100 
150 
199 
248 
298 
346 
395 
444 
493 
977 

1460 

1940 

2410 

2890 

3360 

3840 

4310 

4780 

9490 

14200 

18800 

23400 

28100 

32700 

37300 

41900 

46500 

92200 

138000 

183000 

228000 

2210000 

4390000 


S& I. 
(gm) 


.980 

1.88 

2.75 

3.61 

4.45 

5.29 

6.11 

6.93 

7.74 

8.55 

16.4 

24.0 

31.5 
38.8 

46.1 

53.3 

60.4 

67.5 

(gm) 

74.6 
143 
210 
275 
339 
402 
465 
527 
589 
651 
1250 
1830 
2400 
2950 
3510 
4060 
4600 
5140 
5680 
10900 
16000 
20900 
25800 
30600 
35400 
40100 
44800 
49500 
95000 
139000 
182000 
225000 
1960000 
3770000 


Heart 

Wt. 

(lbs) 

Kidney 

Wt. 

(lbs) 

Lung 

Wt. 

(lbs) 

Liver 

Wt. 

(lbs) 

Blood 

Wt. 

(lbs) 

S. & I. 

(lbs) 

000618 

.00118 

.00118 

.00502 

.00528 

.00895 

00122 

.00212 

.00234 

.00916 

.0105 

.0172 

00182 

.00298 

, .00349 

.0130 

.0156 

.0252 

00242 

.00381 

.00463 

.0167 

.0207 



.00460 

.00577 

.0203 

.0258 

.0407 

« UveJ V 1 

00,360 

.00537 

.00690 

.0238 

.0309 

.0483 

00419 

.00611 

.(H)804 

.0272 

.0360 : 

.0559 

0047s 

.00684 

.00917 

.0305 

.0411 

.0634 

1 (/\/a I O 

00537 

.00756 

.0103 

.0338 

.0462 

.0708 

00595 

.00827 

.0114 

.0370 

.0512 

.0781 

0118 

.0149 

.0226 

.0674 

.102 

. 150 

.0176 

.0209 

.0338 

.0959 

.152 

.220 


0 
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Table 17.4. — Continued 


Body Brain I Thyroid 

Wt. Wt. Wt. 

(lbs) (lbs) (oz) 

Adrenal 

Wt. 

(oz) 

Pituitary 

Wt. 

(oz) 

Heart 

Wt. 

(lbs) 

4 

.0333 

.007S9 

.0155 

.00137 


5 

.0388 

.00970 

.0185 

.00102 


0 

.0441 

.0115 

.0214 

.00186 

.0347 

m 

/ 

.0491 

.0132 

.0242 

. 00209 

.0404 

8 

.0539 

.0150 

.0269 

.00232 

.0461 

9 

.0585 

.0167 

.0296 

.00254 

.0517 

10 

.0630 

.0184 

.0322 

.00275 

.0574 

20 

.102 

.0349 

.0560 

.00406 

.114 

30 

.130 

. 0508 

.0773 

.00634 

.169 

40 

.165 

.0062 

.0973 

.00790 

.224 

50 

.193 

.0814 ! 

.116 

.00930 

.280 

GO 

.220 

.0964 

.134 

.0108 

.335 

70 

.244 

.111 

.152 

.0121 

.389 

bO 

.208 

.120 

.169 

.0134 


90 

.291 

. 140 

.186 

.0146 


100 

.314 

; .154 

.202 

.0159 


200 

.508 

; .293 

.351 

.0269 


300 

.674 

.420 

.480 

.0367 


400 

.824 

.550 

.611 

.0457 


500 

.962 

.083 

.730 

.0541 


WK) 

1.09 

.809 

.844 

.0622 

3.22 

700 

1.22 

.933 

.955 

.0699 

3.75 

hOO 

1.34 

1.00 

1.00 

.0774 

4. 28 

900 

1.45 

1.18 

1.17 

.0847 

4.81 

1000 

1.50 

1.30 

1.27 

.0918 

5.33 


Kidney 

Wt. 

(lbs) 

Lung 

Wt. 

(lbs) 

Liver 

Wt. 

(lbs) 

Blood 

Wt. 

(lbs) 

S.&l 

(lbs; 

.0267 

.0448 

.123 

.201 

.288 

»1.1 liM 

.0559 

.149 

.251 

.356 


.0669 

.175 

.300 

.422 

.0429 

.0778 

.200 

.350 

.488 

.0480 

.0888 

.224 

.390 

.553 

.0530 

.0997 

.248 

.448 

.618 

.0580 

.111 

.272 

.497 

.682 

.104 
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Table 17 . 8 . Data of Skeletal Growth in Jersey Cattle 



" a'® C I .5 « 

:Si£Ii i X- 

nl u C 

^ / X ^ 

E i ^?^'r^:^'r*oy'''CX«>xxt'-XcDtCb.r^oo 

20 

C k. ^ c ^ 

!•= tl ' |1 

E 

t 

IOC'. — — ’-pkor-h-cccioc — — — — .-.-CO 

^ ^ ^ * ' ' * 4 

1 

O' 

1 

1 

qu }sci JO 

pu3 IB ipuncd JO qjjiQ 

% 

E 

w' 

1 


X 

luiof .woqp 

puiqoq j?nf ipjiS jjBDH 

1 

•fcooc*. o*— 


qti Mf| 

01 pJBAVJOJ AjpdJlp 

sdiq JO ju[od luoj.q j 

1 

1 (cm.) 

» 

c^rtCTOC. »oc^u5oeic — or.'«*«»o»cs»o*.©oe»«:oo«50««rxe^ton^^-ifr. 
W'.fcosoci;^ — MM»r*C'.c^tN.t£rx|xx,c5Xc5C5005Sso©.-e^— c^CK»(-,(Mcs»iv^/i.ii 

1 

C 

uiniqDsi ' 
01 sdiq JO luiod uioj.| | 

1 

1 1 

» 1 

E : 

V 

C--.-.^tx-rh-©xo — e<xr^ — r5©MMi0*0©»0<N»0O©c»5©©— rxinioryni-rsi 


luuiqDsi ui 

swpjnoqs JO iiiiod’iuoj.j 

1 

4 

E 

1 ' 

1 — xxx©iotx — — — ©irt-.^©cr-io<Nc*5i'.c*3t^r-ec — ^^<3>.9.■.^r»^,-l 

— »ooM©rx© — cc*o©x©ceo'«‘io©»ot^xx«ocoMoo-H 

14 

sdiq JO luiod oj ; ^ 
SJ3pinoqvjoiui6dujoj.| j £ ; 

1 

•r © © ei t>. © 1.-5 .- xr <c 1^ 4r © ^ — lo e* « M «<r t- *© « — o ^ © fx, © o u-i .» 

Xptxcoi^C^X-.-^l'-O — C^W4C©X©0 — C^«^»0©u5©rxt'-xrxCiOfajaec» 

X ^»0Ci^CiC»CiCV00000000Q000002ooo 


IjBi aqi 01 sdiq 

uddAvpq 3ui| B uiujj 

» 

E 

< 

©Xt-©© — ©lOC5t-M©C.«rOiOCXt>.©©OX©CP4©©00>f«5©^f-,(-^r^.-. 

— — — ^c^5^c^^c^c^cceOfCrtcocococcc^:ccccr5CQeQr^c^cc?5xx?5ccr5r?c?x?? 

<s 

sdiq oqi uadA\i 
•oq 9Ui| B oj sjoqipw 

JO )ui(^ IsoqStq uioj q 

£ 

©© — ©©©MX© — e^©x© — e«5©©©xo©r-©x — ecwor^c^w©©— ua.»x 

C-: cc ^ ^ o e c 1^ 1^ !• 1^ i-s cc X X X X S X S S S S S 

:: 

sjdqiiA\ 01 sujoq 

JO DSBq luojj qiJiuo'i 

(cm.) 

.rx©c©©— ?>;ciM©iQX.-cs»ot^-^x©'iip©©© — xcN»©io©ej©iA©.-irt — 

c:cccv-^cor'^xcca^u^;Ci^i'^xr; ^c^C5^0 — •«M^Ooxi'^o>c:e5evi — 

10 

qinoiu JO Sujuodo ib 

O|zzoui JO oouoidjuinDJQ 

§ 

^lO — xr-.'rc^^rtMc:^— *o — «xo©©©»oc^Nio© — ^©©»oao3---,^_ 

• •••••••• »»4.4a4*«*t •••«••( 


pBDqojoj JO qipi w 

E 


X 

1 

o|zznui JO luiod 

01 |(od uiojj qiduaq 

1 1 
1 

« * 
£ 


fN 

suioj JO qipi.w 

1 



sdiq JO qipi.VV 

(cm.) 

-Nweix — e»«-.‘0©ec>i©c^cs©©— «i>.c» — xc^c^ — xejwooMh.f-ifr- — r^-, 


luioj Avoqp pniqaq 
isnf isaqo jo qipi.w 

(cm.) 

»ot'.e»e>©©c»©'v©oi'»x©«»-c^»©c^«©'<*'©Mioo^ — ^ — _ 

4 


Depth of 
chest just 
behind 
elbow joint 

(cm .) 

iOO©©©C6««'^©^‘OM«-^iOOXt--©o«'^©C'»©©X©^o>©^aoQC5 — A 


♦ i 

6k^ 

1 

^ ^ ^ M M MMC^C‘IMMCOC^r^f-5«^C^c4?3c^§Jc^§£222; 


Height at 
hip points 

1 

1 

1 

1 

1 

(cm.) 

1 

i 

-j.oxc'ixei©© — x«'^io»o©i-xx©p©-.-.«.^e.^5sJc>»e>je'i«> 

© 1.. I, x3^^cici©o©cooo^- — — — - — — — - — 

* 1 y, 

A C5 £ 

^ F-»^^^^C‘IC4Cl'MMMCSC^^C^le^C‘l€SC^C^C5^^COf^C^^^CSCvlC^e^S — 222 



% 

5iii,x5c.c*-©oo©o^^^^ — — — -^^•«^c^pic^c^mmc4c4c5Sc5€3<5J5 

No. 

ani- 

mals 

^ — C‘ic^<^ic^€^coco?oc^coc^cow^^*r^^coc^c^«^Mcicsc^c^?5c3?i 

- 

1 

Heif:ht at j 
withers 

1 

t 

1 

1 

1 

1 

©^•^|••XXXOiCi»©wOOOOO — ^•— 

• 1 y« 

A <1 g 



u 

< 

(mos) 

r — MX^iO'^i-xoi© — Meo-^o^i-xoiOj-ejM^io^r-x©©— 

.i; a « — « — rj eioi ci «M ri e* e* e^ cs « « M X m rtc? 

A 


651 





























Table 17 . 9 . Data of Skeletal Growth in Holstein Cattle 
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Table 17 . 10 . Average Body Weights for Given Chest Girths* 

Weight in Pounds 


Chest 

Girth 

(In) 


Nebraska 


Missouri 


Holstein 


Jersey Ciuernst-y Ayrshire Average Holstein I Jersey I Avcrafie 


Grand Av. 


22.5 

23.5 

24.5 

25.5 

26.5 

27.5 

28.5 

29.5 

30.5 

31.5 

32.5 

33.5 

34.5 

35.5 

36.5 

37.5 

38.5 

39.5 

40.5 

41.5 

42.5 

43.5 

44.5 

45.5 

46.5 

47.5 

48.5 

49.5 

50.5 

51.5 

52.5 

53.5 

54.5 

55.5 

56.5 

57.5 

58.5 

59.5 

60.5 

61.5 

62.5 

63.5 

64.5 

65.5 

66.5 

67.5 

68.5 

69.5 

70.5 

71.5 

72.6 

73.5 

74.6 

75.5 

76.5 

77.5 

78.5 

79.5 

80.5 

81.5 

82.5 

83.5 

84.5 

85.5 

86.5 

87.5 

88.5 

80.5 
00.5 

91.5 

92.5 


Obs.* Com.t Obs.|Com. Obs. Com. Obs. Com. Obs. Com. Obs.jCom Obs.lCom. Obs.lCom. Obs.'Com 
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89 
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114 
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129 

153 
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192 

207 

225 

238 

250 

277 
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326 
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389 

428 

445 

480 

502 

525 

546 

581 

591 

629 

655 

675 

713 

744 

772 

816 

846 

884 

914 

945 

983 

1036 

1066 

1109 

1155 

1194 

1234 

1277 

1320 

1374 

1391 

1426 

1472 

1484 

1542 

1598 

1676 

1076 

1697 

1776 

1861 

1865 


48 

54 

60 

06 

74 

81 

89 

99 

107 

116 

127 

137 

148 

160 

172 

186 

199 

213 
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259 

276 

293 

312 

330 

350 

370 

391 

412 
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458 

482 

506 

532 
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613 
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439 
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576 

598 

630 

659 

689 
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772 
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820 

844 

882 
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982 

1007 

1038 
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1025 


109 

US; 
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151 

163 

175 

188 

202 

217 

232 
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264 

281 

299 

318 

337 

357 
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399 

421 

444 

468 

493 

518 

545 

572 

600 
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659 

689 

711 

754 
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857 

893 

930 
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120 

130 

141 

153 

165 

178 

191 

205 

219 

234 

250 

267 

2S4 

302 

320 

339 

359 

3S0 

402 

424 

447 

471 

496 

521 

548 

575 

603 

632 

661 

692 

723 

756 

789 

823 

859 

897 

932 

970 

1009 

1049 

1091 

1133 

1176 

1220 

1266 

1312 

I3(;0 

1408 

1458 

1 .509 
1560 
1614 
1 668 
1723 
1779 
18,37 
1895 
1955 
2017 
2079 


103 

111 

118 

147 

149 

159 

176 

204 

219 

225 

244 

263 

278 

296 

308 

33S 

356 

3S1 

405 

423 

44S 

467 

497 

512 

546 

566 

590 

618 

648 

659 

698 

734 

781 

804 

853 

884 

908 

962 

1017 

1061 

1097 

1128 

1169 

1199 

1223 

1245 

1311 

1362 

1365 

1407 


62 

69 

76 

84 

92 

101 

in: 

120 

131 

142 

154 

166 

179 

192 

207 

221 

237 

253 

270 

288 

300 

325 

345 

366 

387 

409 

432 

456 

4.S1 

506 

532 

560 

588 

617 

647 

677 

709 

742 

776 

810 

846 

883 

920 

959 

999 

1039 

1081 

1124 

1169 

1213 

1260 

1307 

1356 

1406 

1456 

1.509 


1358 1562 
1535 1616 
1577 1672 


101 105 102 107 105 

112 114 111 117 112 

122 124 120 127 123 

136 135 141 138 134 

141 146 146 150 147 

160 167 159 162 158 

172 170 174 174 170 

196 183 201 187 195 

203 196 212 201 204 

218 210 222 216 224 

233 225 240 231 235 

250 241 256 247 240 

269 257 274 264 275 

288 274 293 281 292 

300 291 305 299 305 

321 310 329 317 326 

330 329 34S 337 348 

346 348 370 357 362 

372 369 391 378 389 

395 390 408 400 415 

413 412 430 422 433 

431 435 450 446 458 

457 459 482 470 485 

481 484 496 495 503 

498 509 525 521 532 

49$ 535 533 548 548 

535 562 559 575 570 

576 590 599 604 607 

609 619 630 633 636 

637 649 647 664 659 

668 679 684 695 693 

720 711 726 727 730 

765 743 771 760 766 

794 776 797 794 798 

817 811 826 829 828 

870 846 873 866 860 

898 8S3 900 903 89s 

930 920 939 941 933 

964 959 982 980 974 

1016 998 1037 1020 1018 

1023 1038 1065 1061 1052 

1061 lOSO 1108 1104 1096 

1115 1123 1161 1147 1146 

1145 1166 1198 1191 1186 

1132 1211 1220 1238 1225 

1196 1257 1244 1284 1206 

— — 1311 1.332 1317 

— — 1362 13S1 1372 

— — 1365 1431 1389 

— — 1407 1483 1425 

— — 1358 1.535 1470 

— — 1535 1589 1485 

— — 1577 1644 1543 

^ _ 159.V 

— — ~ — 1676 

— — — — 1676 

— — — — 1697 

— — — — 1776 

— — — — 1861 

1865 


69 

76 

84 

92 

101 

no 

120 

130 

141 

153 

105 

178 

191 

205 

219 

i 235 
250 
207 
284 
302 
321 
340 
361 
382 
403 

426 

449 

473 

498 

523 

550 

578 

606 

635 

665 

696 

728 

761 

794 

829 

865 

901 

939 

977 

1017 

1057 

1100 

1142 

1185 

1231 

1276 

1324 

1372 

1421 

1472 

1523 

1575 

1630 

1684 

1740 

1797 

18.56 

1916 

1976 

203.S 

2102 





Chest 

girth 

(in) 


63 

64 

65 

66 
67 







124 

128 

131 


154 186 207 219 229 

159 193 215 229 241 

164 200 224 240 253 258 

169 208 233 250 265 271 

175 215 242 261 277 284 


180 222 251 272 289 297 

186 230 261 284 302 310 

237 270 295 315 324 

245 280 307 328 338 

253 289 319 341 352 


260 299 331 355 367 
309 343 369 382 
319 356 383 397 
329 368 398 413 
381 413 429 


394 428 445 
408 443 461 
458 478 
474 495 
490 512 


391 

407 

424 

44Q 

457 


474 

492 

510 

528 

547 


481 

498 

516 

535 

553 


506 530 
548 
566 
584 
603 


593 

613 

633 

653 

673 


664 671 694 
685 692 716 
706 713 737 



10 11 12 a 


73 

and 

over 


734 759 772 788 806 829 

756 781 794 811 829 852 
1 


778 804 816 834 852 876 898 

826 839 857 875 900 922 

849 862 880 899 924 947 

886 904 923 948 973 

928 947 973 99S 


971 998 1024 
995 1023 1050 
1049 1077 
1074 1105 
1133 


793 

817 

841 

866 

891 


916 

942 

968 

996 

1023 


1051 

1079 

1107 

1135 

1164 


803 

828 

853 

879 

905 


932 946 956 

959 974 985 

988 1003 1015 
1016 1033 1046 
1044 1062 1077 


1072 

1101 

1131 

1161 

1191 


1092 

1122 

1153 

1184 

1216 


1108 

1139 

1171 

1204 

1237 


966 979 

996 1009 
1026 1040 
1057 1071 

loss 1101 


1120 1132 
1152 1164 
1184 1196 
1217 1229 
1251 1262 


995 1006 
1024 1036 1049 
1054 1066 1079 
1084 1096 1109 
1115 1126 11371 1151 



1140 

1172 

1204 

1236 

1270 


1146 

1177 

1210 

1242 

1274 


1157 

1188 

1219 

1251 

1284 


1169 

1199 

1230 

1262 

1294 


1160 1194 
1223 
1253 


I 


222 

253 

1285 

317 

349 


1248 1271 
1280 1305 
1313 1339 
1346 1373 
1380 1408 


1285 1296 1303 1308 1316 1327 

1319 1330 1337 1341 1349 1358 

1353 1364 1371 1375 1383 1393 

1390 1399 1406 1410 1417 1425 

1425 1435 1441 1444 1451 1459 


1180 
1211 
1242 
1274 1280 
1306 1311 


1343 

1376 

MOM 

1440 

1474 



1414 

1449 


H44 

1481 

1519 

1556 


1462 1472 1476 1480 1486 1493 1503 1508 

1499 1509 1512 1516 1521 1527 1535 1542 

1536 1545 1548 1551 1556 1563 1571 1576 

1574 1582 1585 1588 1592 1599 1607 1610 

1612 1620 1622 1625 1628 1633 1641 1645 


1658 


1660 

1698, 

1736 


1663 

1700 

1738 

1777 


1671 



1675 

1/10 

1746 

1783 

1820 


1680 

1716 

752 

1789 

826 


1858 

1858 

1863 


1897 

1899 



1936 


93 

94 

95 













































































































I 


23 
and 

24 


47 
50 
9| 53 


52{ 56 
54 


m 




111 , 


3| 12 
•) 


79 

89 

109 

130 

153 

172 

ISS 

82 

93 

114 

136 

160 

ISO 

197 


96 

118 

141 

167 

18S 

206 


100 

123 

147 

174 

196 

216 

1 


128 

153 

181 

204 

225 


132 

137 

142 


230 

247 


159 189 213 234 247 25s 207 

165 196 222 244 25s 269 279 

171 204 230 254 26s 2S0 291 29S 

211 239 264 279 292 303 311 

219 24S 274 290 304 315 324 333 

227 257 2S4 301 316 327 337 340 

235 266 295 313 32S 340 350 360 366 

243 276 305 324 340 353 363 373 380 

2H5 316 336 352 306 376 387 394 

295 327 348 365 379 390 401 409 


305 338 30 
315 439 37 
300 38 


fi 


383 




21 

8l 435 


16 
30 

33| 445 
60 


35 451 

50 466 
65 482 

51 498 

514 


482 

498 

514 

530 


512 

528 

545 


541 

558 5 


25 29 33 37 

to to to to 

28 32 36 42 


61 73 

to and 
72 over 


516 539 555 571 5S0 594 613 632 649 667 678 084 6S8 

531 554 571 588 597 611 630 649 667 686 698 705 710 

570 588 605 614 628 647 667 685 705 718 726 732 

586 604 622 631 646 665 685 703 724 738 748 755 

021 639 649 063 683 703 722 744 759 771 778 



638 



006 681 
084 699 
092 703 717 
721 736 
739 754 


701 721 741 763 780 793 802 80S 

719 740 760 783 801 816 826 832 

738 759 779 804 822 839 850 856 

756 778 798 824 844 862 874 881 

775 797 818 844 866 885 899 906 


812 

836 

861 

886 

910 


70S 

730 

752 

775 


822 

846 

870 

864 

918 


713 

735 

757 

780 

803 


827 

851 

875 

899 

924 


735 

758 

781 

804 


828 

852 

876 

900 

925 


758 

781 

805 


829 

854 

879 

904 

930 


773 794 810 838 865 888 909 924 932 

792 813 830 858 886 910 934 950 958 

832 855 878 907 932 95S 976 984 

852 875 898 929 955 98.3 1002 1010 

895 919 950 978 1008 1028 1037 

040 972 1002 1033 1055 1064 
960 994 1025 1059 1082 1092 
1010 1049 1085 1110 1120 
1073 1111 1138 1148 
1137 1106 1177 

1105 1206 
1235 


936 943 049 950 956 

962 969 974 976 982 

988 994 1000 1002 1009 

1014 1020 1026 1028 1036 

1041 1046 1052 1054 1063 


781 

805 


830 

855 

880 

605 

931 


657 
984 
1011 
38 
GO' 




1068 

1095 

1123 

1151 

1179 


1073 

1099 

1126 

1154 

1182 


1079 

1106 

1133 

1160 

1188 


1081 1091 1094 
1108 1116 1122 
1136 1148 1151 
1164 1176 1180 
1192 1205 1209 



1208 1210 1216 
1237 1238 1245 
12G0 1266 1274 
1295 1303 
1332 


655 



















































































































































Table 17.13. Chest Girth, Age, Weight Relationships — Guernsey Females 


Chest 


Age in months 


girth 

rin) 

1 

Birth 

1 

2 

3 

4 

5 

6 

•• 

/ 

8 

9 

10 

20 

38 











21 

41 

43 










22 

44 

46 

50 









23 , 

47 

49 

54 









24 

50 

53 

58 

66 








25 

54 

56 

62 

70 








26 

57 

60 

66 

75 

85 







27 

60 

64 

70 

SO 

91 







28 

04 

68 

75 

85 

97 







29 

67 

72 

79 

91 

103 

117 






30 

71 

m 

84 

96 

no 

124 






31 

<0 

80 

89 

102 

116 

131 

145 





32 

78 

84 

93 

107 

123 

139 ' 

153 

1 

1 




33 

82 

S9 


i 113 

130 

147 

162 i 





34 

1 

86 

93 

m 

119 

137 

155 

171 

181 




35 

90 

97 

108 

i 125 

144 

163 

179 

190 


1 


36 

94 


114 

132 

151 

171 

188 

199 


1 

1 


37 


, 107 

119 

138 

159 

180 

198 

209 

224 

1 

1 


38 


; 111 

124 

144 

166 

188 

207 

219 

235 



39 

1 


116 

130 

151 

174 

197 

217 

229 

246 

251 


40 


121 

135 

< 158 

182 

i 206 

226 

239 

: 257 

263 


41 


1 

141 

165 

190 

i 215 

236 

249 

1 268 

275 

278 

42 


1 

147 

172 

198 

225 

246 

; 260 

^1 

287 

291 

43 

• 


153 

179 


234 

257 

270 

291 

300 

! 304 

44 


1 


186 


244 

267 

281 

303 

313 

318 

45 




193 

1 224 

254 

278 

292 

315 

326 

332 

46 




201 

233 

264 

289 

303 

327 

339 

346 

47 





242 

274 

300 

315 

339 

352 

360 

48 





251 

285 

311 

326 

352 

! 365 

375 

49 





260 

1 

295 

322 

338 



390 

50 






306 

334 

350 

377 

393 

405 

51 






317 

345 

362 

390 

40cS 

420 

52 






32S 

357 

374 

404 

422 

436 

53 






339 

369 

386 

417 

437 

452 

54 







381 

399 

431 

452 

468 

55 







394 

412 

445 

467 

485 

55 







406 

425 

459 

482 

502 

57 








438 

473 

498 

519 

58 








451 

488 

514 

536 

59 








464 


m 

554 


11 


13 

12 I and 

14 


15 
and 

16 


17 
and 

18 


19 
and 

20 


21 

and 

22 


Live weights in pounds 


23 
and 

24 


30G; 

3201 


335 

350, 

3G5 

380 

395 


341 

357 

372 

388 

405 


380 

396 

412 


411 

427 

444 

461 

4781 


422 

439 

456 

473 

491 


429 

446 

463 

480 

498 


495 

513 

531 

549 

568 


509 

528 

547 

566 

586 


516 

534 

553 

572 

592 


44< 
464 
481 
498 
516 


517 

534 


534 

552 

570; 

589 

608 


552 

571 

589 

608 

627 


562 

5S0 

599 

619 

638 


612 
632 
6531 661 


Chest 




1 




13 

15 

17 

19 

21 

23 

25 

29 

33 

37 

43 

49 

girth 



8 

9 

10 

11 

12 

and 

and 

and 

and 

and 

and 

to 

to 

to 

to 

to 

and 

(in) 








14 

16 

18 

20 

22 

24 

28 

32 

36 

42 

48 

over 

60 



517 

546 

571 

587 

607 

611 

627 

m 

658 

674 

683 

704 






61 



532 

562 

5S9 

606 

627 

631 

647 


678 

695 

706 

729 

744 





62 



547 

579 

608 

626 

648 

652 

667 

686 

699 

716 

729 

754 


774 




63 




596| 

627 

645 

669 

672 

687 

706 

719 

738 

753 

779 


800 

807 



64 




613 

646 

665 

1 

690 

693 1 

707 

727 

740 

760 

m 

805 


826 

833 

843 


65 





665 

686 

712 : 

714 

728 

747 

761 

782 

801 

832i 

848 

852 

839 

870 

883 

66 

1 

1 





706 

734 

736 

749 

768 

783 

804 

825 

859 

875 

879 

886 

897 

910 

67 







757 

758 

770 

790 

805 

827 

850 

886 

903 

907 

913 

925 

938 

68 








780 

791 

811 

827 

i 850 

876 

914 

931 

934 

940 

953 

966 

69 









813 

833 i 

849 

874 

901 

942 

959 

962 

968 

981 

995 

70 









835 

855 

871 

898 

927 

971 

988 

' 991 

997 

1010 


71 









1 

877 

894 

922 

954 

1000 

1017 

1020 

1026 

1039 

IfiHI 

72 










1 899 

917 

946 

980 

1029 

1046 

1049 

1055 

1068 

' 1084 

73 










1 

940 

970 

1007 

1059 

1076 

1079 

1085 

1098 

1114 

74 












995 

1035 

1090 

1107 

1109 

1115 

1128 

1145 

75 




1 






1 


1020 

1063 

1121 

1138 

1140 

1146 

1159 

1176 

76 










1 

1 



1091 

1152 

1169 

1171 

1177 

1190 

1207 

77 




1 






1 

1 

1 



1183 

1201 

1202 

1208 

.1221 

1239 

78 










1 

1 

1 




1233 

1234 

1239 

1253 

1271 

79 


1 









i 






1271 

1285 

1304 

80 










1 








1317 

1337 

81 











! 








1370 


656 


















































































































98 

102 

106 



Chest 

girth 

(in) 


102 

107 

111 

116 

120 


125 

130 

134 


94 

99 

104 

109 

114 


119 

125 

130 

136 

141 


112 

118 

124 

130 

137 


29 

36 

143 

151 

159 


143 167 180 192 

150 175 189 202 

157 1S3 198 213 

164 192 208 223 233 

171 201 218 234 245 






147 178 209 228 245 256 

153 185 218 238 256 268 279 

158 193 227 248 268 281 293 

164 200 237 258 279 293 306 312 

170 208 246 269 291 306 320 326 


177 216 256 280 303 319 334 341 

184 224 265 291 316 333 348 356 

190 232 275 303 328 346 363 371 

240 285 314 341 360 378 387 

248 296 326 354 375 393 402 

256 306 338 368 389 409 418 

265 316 350 381 404 425 435 

327 362 395 419 441 452 

338 374 409 434 457 469 

349 387 423 449 474 486 

360 400 437 465 491 503 

413 452 481 509 521 

426 467 497 526 540 

482 514 544 558 
497 531 562 577 




425 

442 

459 

476 

494 


10 11 12 




433 

450 

467 

484 

502 


520 

538 

556 

575 



46 
62 
79 
496 
514 


532 

550 

568 

587 

606 


477 

495 

512 

530 


548 

567 

586 

605 

624 


561 

580 

599 

619 

639 


56S 

5SS 

608 

628 

648 


604 

625 

646 

667 


660 

682 684 






15 17 
md an( 

16 18 












548 581 596 605 613 625 643 659 669 

565 600 616 625 633 644 663 679 690 

619 636 645 653 664 683 700 711 

656 665 673 684 704 721 732 

686 694 705 724 742 754 


688 

710 

732 

755 

778 



707 715 
736 
757 



5 764 776 
786 799 
8 808 822 
810 830 845 
■ 853 868 


854 876 892 
900 916 
940 
064 



848 

872 

896 


704 

727 

750 

774 

797 


821 

846 

871 

896 

922 


707 

730 

754 

778 

802 


827 

852 

878 

904 

930 


709 

733 

757 

782 

807 


832 

858 

885 

912 

939 


733 

758 

784 

811 


838 

865 

892 

920 

949 



804 

832 


860 

889 

918 

948 

970 


815 

844 847 



874 

904 

935 

966 

998 


878 

909 

040 

972 

1005 


921 948 957 

946 974 984 

971 1001 1011 
997 1028 1039 
1023 1056 1067 


966 979 1010 1030 1039 

994 1008 1041 1063 1073 

1022 1038 1073 1096 1108 

1051 1069 1106 1130 1144 

1081 1100 1139 1165 1180 



1049 1083 1095 1110 
1111 1124 1140 
1153 1170 
1182 1201 
1232 


1131 1172 1200 1217 
1163 1206 1236 1255 
1195 1240 1273 1293 
1228 1275 1310 1332 
1262 1311 -1348 1371 


1295 1347 
1384 


881 

913 

946 

978 

1012 


1046 

1081 

1117 

1154 

1101 


229 

268 

307 

346 

386 





































































































































Table 17 . 15 . Relation between Live Weight and Height at Withers of Dairy 

Cattle 


Heights at withers 
(in) 



Live weights in pounds 



658 







LINEAH GROWTH, FORM, AM) FUNCTION 


(35 


Table 17.16, 


IIeight at Withers as Related to Age and Weight of Holstein 

Females 


Height 
at 

withers x 
(in) t 1 
n 


22 49 

22i 52 

23 54 

23^ 56 

24 59 

24| 62 

25 65 

25 | 68 

26 7! 

26i 74 


Age in months 



32 
32i 

33 
33i 

34 

341 

35 
351 

36 
36^ 


37 
37i 

38 

3$i 

39 

39) 

40 

40) 

41 

41) 


42 

42) 

43 

43) 

44 

44) 

45 

45) 

46 

46) 

47 

47) 


Height 

at 

withers 

(in) 


48 

48) 

19 

49) 

.50 

50) 
51 

51) 






-'ll] 


94 

97 

101 

104 

108 


112 118 
116 123 
120 127 
124 132 
128 136 
141 
146 
150 
155 











61 

64 

67 

70 

73 83 
77 80 


90 

94 

99 111 
103 116 
108 122 
112 127 
117 133 143 
122 138 150 
126 144 157 
131 150 164 


136 157 171 181 
142 163 179 190 
147 170 186 198 


152 176 
158 183 
164 190 


207 

216 227 
225 236 


170 197 220 234 246 263 

176 205 228 244 257 274 

182 212 237 254 267 285 

188 220 247 264 278 296 


194 228 
200 236 
207 244 
214 252 
220 261 
270 
279 
288 
297 
306 


316 


256 

266 

276 

286 

296 

307 

318 

329 

340 

352 


364 

376 

388 

401 

414 


275 

2S6 

297 

308 
320 
332 
344 
356 

309 
382 


395 

409 

423 

438 

452 

487i 

482 

498 

514 


289 

301 

313 

325 

337 

350 

363 

376 

389 

403 


417 

432 

447 

462 

477 

493 

509 

520 

543 

560 

577 


308 

321 


1 



320: 

333 





333 

346 

360i 




346 

359 

373 




359 

372 

387 

399 



372 

S8'3 

401 

413 



386 

400 

415 

428 

445 


399 

414 

430 

443 

460 


414 

429 

445 

45S 

475 

49 

428 

444 

460 

473 

490 1 

1 

51 



490 

507 

524 

541 

558 

576 

594 

612 




507 

524 

541 

558 

576 

594 

613 

632 


508 

524 

541 

558 

576 

594 

612 

631 

650 


489 

505 

521 

538 

555 

572 

590 


506 

522 

538 

554 

571 

589 

606 

624 

642 


527 

543 

560 

576 

593 

611 

628 

646 


648 

666 

684 

702 

721 


;i 


611 

628 

645 

662 

679 

696 


681 

698 


745 

763 

781 

799 

818 


828 

847 



10 11 12 


21 

and 

22 


650 670 689 704 817 
690 709 724 738 
710 730 745 758 
751 766 779 
772 787 800 


704 817 740 758 788 826 856 885 

724 738 760 778 807 845 875 905 

745 758 780 797 826 865 894 925 

766 779 800 817 846 885 914 945 

787 800 821 838 866 905 934 965 

808 821 842 858 886 925 954 985 

830 842 863 879 907 045 974 1006 


25 I 2 
to 
28 


09 941 985 
29 961 1005 
49 981 1025 
69 1001 1045 
90 1022 1066 
1086 


43 49 

to lo 
48 54 


1120 
1137 

1154 1192 1228 
28| 1171 1208 1243 
1189 1224 1259 
165 1206 1241 1275 
184 1224 1257 1291 
203 1241 1273 1306 



271 

287 

302 

317 

332 

348 














































































6 


Height 

at 

withers 

(in) 


52 
52i 

53 
53i 

54 
5\h 

55 
55i 

56 
56J 


57 
57i 

58 

58) 

59 

59) 

60 

60) 
61 
61) 
62 



19 

and 





921 94JS 987 1016 
943 969 1008 1037 
965 991 1029 1058 
987 1013 1051 1080 
1010 1035 i073 1101 
1057 1095 1123 
1079 1118 1145 
1140 1108 
1163 1190 
1213 


1236 


1048 

1069 

1091 

1112 

1134 

1156 

1179 

1201 

1224 

1247 


1073 

1095 

1117 

1139 

1161 

1183 

1206 

1228 

1251 

1274 



25 

29 

to 

to 

28 

32 

1106 

1148 

1127 

1170 

1149 

1191 

1171 

1212 

1193 

1234 

1215 

1256 

1238 

1278 

1260 

1300 

1283 

1323 

1306 

1345 

1330 

1368 

J353 

1391 

1377 

1414 

1401 

1438 

1425 

1461 






187 

208 

228 

249 

1270 

1291 

1312 

1333 

1354 

1376 


1222 

1242 

1262 

1281 

1300 

1320 

1341 

1360 

1380 

1401 



1295 

1313 

1331 

1349 

1368 

1386 

1404 

1422 


1290 

1306 

1321 

1340 

1356 

1373 

1390 

1406 

1423 

1440 


322 
338 
1354 
1370 
1386 
1402 
1418 
1434 
1450 
1466 


61 73 

to and 
72 over 


1356 
1371 

1386| 1394 
1402 
1417 
1433 
1448 
1464 1471 
1479 1486 
1495 1501 



1511 

1526 

1542 

1558 

1573 

1589 

1605 

1621 

1636 

1652 

1668 


1517 

1533 

1548 

1564 

1580 

1596 

1612 

1627 

1643 

1658 

1674 

































Table 17 . 17 . Height at Withers as Related to Age and Weight of Jersey 

Females 


Height 

Age in months 

at 

withers 

(in) 

•3 

u 

cn 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

11 

i 

12 

13 
and 

14 

15 
and 

16 

17 
and 

18 

19 
and 

20 

21 

and 

22 

23 
and 

24 

25 

to 

28 

22 

22i 

23 

23i 

24 

244 

25 

254 

26 

264 

38 

40 

42 

44 

47 

49 

52 

54 

57 

60 

46 

48 

51 

54 

57 

60 

63 

66 

57 

60 

03 

67 

70 

74 

81 

86 




1 

1 



1 





i 




27 

274 

28 

284 

29 

294 

30 

304 

31 

314 

63 
66 
69 
72 
75 
78 
81 , 

69 
72 

70 
79 
83 
87 
01 
05 
99 

103 

78 

81 

$5 

89 

94 

98 

102 

107 

112 

116 

90 

95 

I 99 
104 
109 
114 
120 
125 
131 
137 

111 

116 

122 

128 

134 

140 

146 

153 

■Ml 

mm 

171 

179 

1 

j 

1 

1 

1 


1 



Liv 

e wci| 

;hts i 

n pou 

1 

nds 

1 

32 

324 

33 

334 

34 

344 

35 

354 

36 

364 


107 

111 

116 

121 

126 

132 

137 

142 

148 

154 

143 

149 

155 

162 

168 

175 

182 

189 

196 

204 

160 

167 

174 

181 

189 

196 

204 

212 

221 

229 

173 

180 

188 

196 

204 

213 

222 

231 

240 

249 

187 

195 

204 

212 

221 

231 

240 

250 

200 

270 

196 

205 

214 

223 

233 

243 

253 

203 

274 

285 

223 

233 

243 

253 

264 

275 

286 

298 

250 
261 
272 
283 
294 
. 306 

2S3 

294 

306 

31$ 

31S 

330 






37 

374 

38 

384 

39 

394 

40 

404 

41 

414 

42 

424 




212 

238 

247 

256 

265 

275 

258 
268 
278 
288 
> 299 
310 
321 
332 
343 

280 
291 
: 302 
314 
325 
337 
349 
1 361 
1 374 
387 
40C 
413 

' 296 
307 
319 
331 
. 344 
356 
1 369 
382 
: 396 
41C 
1 424 
; 43$ 

309 
321 
334 
347 
36C 
• 373 
1 387 
: 401 
> 41£ 
1 42'J 
i 444 
i 45( 

< 318 
330 
343 
356 
I 369 
; 383 
397 
411 
1 42S 
1 44C 
i 45£ 
1 471 

330 
342 
355 
368 
382 
395 
409 
423 
438 
453 
46$ 
. 484 

342 
355 
367 
380 
394 
407 
< 421 
435 
: 449 
1 463 
1 47$ 
1 494 

358 
370 
383 
i 396 
409 
422 
435 

1 449 

1 463 

1 477 

1 491 

1 506 

388 

400 

413 

425 

438 

450 

463 

476 

490 

504 

518 

532 

446 

458 

470 

482 

494 

507 

519 

532 

545 

558 

1 

503 

514 

525 

537 

549 

561 

573 

585 

555 

566 

577 

588 

600 

611 

605 

616 

627 

638 

645 

657 

663 

675 

Height 

at 

withers 

(in) 

6 

7 

8 

9 

10 

11 

12 i 

13 

ind ; 

14 

15 
and 

16 

17 

and : 

18 

19 

and 1 

20 

21 

and 

22 

23 
and 

24 

25 

to 

28 

29 

to 

32 

33 

to 

36 

37 

to 

42 

43 

to 

48 

49 

to 

54 

55 

to 

60 

61 

to 

72 

73 

and 

over 

43 

434 

44 

444 

45 

454 

46 

464 

427 

453 

468 

483 

499 

515 

475 

491 

507 

523 

540 

558 

576 

487 

503 

519 

536 

553 

571 

5S9 

607 

500 

516 

532 

549 

566 

584 

602 

620 

509 

525 

541 

558 

574 

591 

608 

626 

522 

537 

552 

568 

584 

600 

617 

634 

051 
669 
, 686 
704 
723 
741 
760 
779 
798 

1 

546 

560 

575 

590 

605 

620 

636 

651 

667 

683 

700 

716 

733 

750 

707 

785 

803 

820 

838 

571 

585 

598 

612 

628 

640 

654 

668 

683 

697 

712 

727 

742 

757 

773 

788 

804 

820 

597 

609 

622 

635 

647 

660 

673 

686 

623 

634 

646 

658 

070 

682 

694 

700 

649 

660 

671 

683 

694 

705 

716 

728 

668 

679 

690 

702 

713 

725 

736 

748 

687 

699 

711 

724 

736 

748 

761 

773 

71 

72 

74 

75 

76 

78 

79 

80 

5 74C 
8 753 
1 767 
4 781 
7 795 
0 80^ 
3 823 
7 837 

1 760 

1 774 
’ 788 
803 
. 817 
> 832 

1 847 
' 862 

769 
783 
798 
813 
i 828 
843 
85$ 
873 

809 

824 

839 

855 

870 

886 

821 

837 

852 

866 

883 

899 

837 

852 

867 

883 

899 

914 

839 

854 

870 

885 

901 

916 

1 

1 

1 


1 


626 

639 

658 

677 

1 

644 

002 

681 

700 

719 

738 

768 

699 
712 
725 
739 
. 752 
766 
780 
794 
808 
822 

718 

730 

742 

755 

767 

780 

793 

805 

818 

831 

739 

751 

762 

774 

786 

797 

809 

821 

833 

1 845 


786 

799 

811 

824 

837 

850 

8f)3 

876 

889 

902 

82 

83 

84 
8G 
87 
8$ 
9C 
91 

93 

94 

0 851 

4 86( 
,7 88( 
il 895 

5 901 
i9 92^ 
i3 931 
7 95* 
:l 961 
i5 98^ 

1 877 
i 892 
) 907 
i 923 
f 938 
1 954 
) 970 
1 985 
) 1001 
1 1017 

889 

904 

920 

935 

951 

967 

983 

999 

1015 

1031 

901 

917 

933 

949 

965 

981 

998 

1014 

1031 

1047 

915 

931 

947 

963 

979 

995 

1012 

1028 

1045 

1062 

929 

945 

961 

977 : 

993 

1009 

1026 

1042 

1059 

1076 

932 

.948 

963 

979 

006 

1012 

1028 

1044 

1061 

1076 

52 

524 

63 

A34 

54 

M4 

55 







836 

852 

837 

852 

867 

844 

857 

870 

1 

1 

8.57 

869 

881 

893 

1 

1 

1 

1 

880 

892 

904 

917 

916 

929 

942 

956 

969 

95 

97 

0$ 

IOC 

101 

•9 991 
'4 101- 
18 1031 
)3 1041 
17 106( 
1071 

) 1033 

1 1049 
) 1006 
5 1082 
} 1098 
3 1115 

104$ 

1064 

1081 

1098 

1114 

1131 

1148 

iro 

1 


1094 
1111 
1126 
1145 
11 < 
1179 
1106 


661 





























































Table 17.18. Height at Withers as Related to Age and Weight of Guernsey 

Females 


Height 









Age in i 

months 






a V 

withers 














13 

15 

17 

19 

21 

23 

(in) 

W 

u 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

and 

and 

and 

and 

and 

and 


5 ' 













14 

16 

18 

20 

22 

24 

23 

42 

1 


















23i 

44 

46 


















24 

47 

49 

^4 

















24i 

50 

52 

57 

65 
















25 

52 

55 

60 

69 
















25) 

55 

58 

64 

73 
















26 

58 

61 

67 

t i 

85 















26) 

61 

64 

71 

81 

90 















27 

64 

67 

75 

86 

95 















27) 

67 

71 

79 

90 

100 















28 

70 

74 

83 

95 

105 

117 














28) 

74 

78 

87: 

100 

111 

123 














29 

i i 

82 

92 

105 

117 

129 

140 













29) 

81 

86 

96 

111 

123 

136 

147 













30 

84 

90 

101 

116 

129 

143 

155 

162 






Live weights in oounda 

1 

30) 

88 

94 

106 

122 

135 

150 

162 

170 












31 

92 

98 

111 

128 

142 

157 

170 

178 

189 











31) 

96 

103 

116 

134 

149 

164 

178 

187 

198 











32 

100 

107 

121 

140 

156 

172 

186 

195 

207 

214 










32) 


112 

126 

146 

163 

180 

195 

204 

216 

224 1 



1 







33 


117 

132 

153 

170; 

188 ! 

203 

213 

225 

234 

234 

1 




1 




33) 


121 

137 

160 

178i 

197 

212 

222 

235 

244 

244 








1 

34 


126 

143 

167 

186 

205 

221 

231 

245 

255 

i 255 

258 





1 



34) 



149 

174 

194 

214 

231 

241 

255 

265 

266 

209 








35 



156 

181 

202 

223 

241 

251 

265 

, 270 

277 

281 

288 







35) 



162 

189 

211 

233 

251 

1 261 

276 

i 288 

289 

293 

300 







36 



109 

196 

220 

242 

201 

272 

287 

' 299 

301 

305 

313 

319 






36) 

1 



204 

229 

252 

271 

283 

, 298 

311 

313 

317 

320 

332 






37 




212 

238 

262 

282 

294 

310 

324 

325 

330 

339 

345 

357 





' 37) 

1 




221 

247 

273 

293 

305 

322 

336 

338 

343 

353 

359 

371 





38 




229 

257 

283 

305 

316 

334 

349 

351 

357 

367 

374 

385 

413 




38) 





I 267 

294 

316 

328 

347 

362 

365 

371 

381 

389 

400 

428 




39 





278 

306 

328 

340 

359 

376 

378 

385 

396 

404 

415 

444 

469 



39) 





288 

317 

340 

352 

372 

389 

392 

400 

411 

419 

431 

459 

484 



40 



1 


299 

329 

353 

365 

386 

403 

407 

415 

427 

435 

447 

475 

500 

527 


40) 






341 

366 

378 

399 

418 

422 

430 

443 

451 

463 

491 

516 

544 


41 



1 



353 

379 

391 

413 

433 

437 

446 

459 

468 

480 

508 

533 

561 

583 

41) 


1 




366 

392 

405 

427 

448 

452 

462 

476 

485 

497 

525 

550 

578 

600 


Height 

at 

withers 

(in) 

5 

6 

7 

8 

9 

10 

11 

12 

13 
and 

14 

15 
and 

16 

42 

379 

406 

419 

442 

463 

468 

478 

493 

503 

515 

42) 


420 

433 

457 

479 

485 

495 

511 

521 

533 

43 


434 

447 

472 

495 

501 

513 

529 

539 

551 

43) 


449 

462 

458 

512 

518 

530 

547 

558 

570 

44 


464 

477 

504 

529 

535 

548 

566 

577 

589 

44) 



493 

520 

546 

553 

567 

585 

597 

609 

45 



508 

536 

563 

571 

586 

605 

617 

629 

45) 



524 

553 

581 

590 

605 

625 

637 

650 

46 



540 

570 

599 

609 

625 

646 

658 

671 

46) 




588 

618 

628 

645 

667 

679 

692 

47 




606 

637 

648 

665 

688 

701 

714 

47) 




624 

656 

668 

686 

710 

723 

736 

48 




643 

676 

688 

707 

732 

746 

758 

48) 





696 

709 

729 

755 

770 

781 

49 





716 

730 

752 

778 

793 

805 

49) 


1 



737 

752 

775 

802 

817 

829 

50 





758 

774 

798 

826 

$42 

854 

50) 






796 

821 

851 

868 

879 

51 






819 

845 

876 

893 

904 

51) 







870 

902 

919 

930 

52 








928 

946 

957 

52) 









973 

984 

• 

53 











53) 




1 







54 











54) 











55 











55) 












17 19 21 

and and and 

18 20 22 


543 

561 

579 

597 

616 

635 

655 

675 

696 

717 

738 

760l 


567 

5S5 

603 

621 

640 

659 

678 

698 

718 

738 

758 

779 


595 
613 
631 
649 
668 
687 
706 
726 
746 
766 
78 
808 


782 

804 

827 

850, 

874 

898 

922 

947 

973 

9981 


son, 

822 

844 

867 

890 

913 

936, 

960 

984 

1009 


829 

850 

872 

894 

917 

940 

963 

987 

1011 

1035 


1024 


1034 1060 
1060 1085 


23 
and 

24 


6181 

636 

654 

673 

692 

711 

731 

751 

771 

791 

812 

833 


25 

to 

28 


638 

656 

674 

693 

712 

731 

751 

771 

791 

812 

833 

854 


29 

to 

32 


33 

to 

36 


706 

725 

744 

764 

784 

805 

825 

846 

867 

889 


742 

762 

782 

802 

823 

844 

865 

886 

908 

930 


37 

to 

42 


854 

876 

899 

921 

944 

967 

990 

1014 

1038 

1063 


1088 

1113 

11381 


875, 

897 

9191 

941 

964 

987 

1011 

1034 

1058> 

1083 

1107 

1132 

1157 


910 

932 

955 

978 

1001 

1024 

1047 

1071 

1095 

1120 


952 

974 

997 

1020 

1044 

1068 

1092 

1116 

1141 

1166 


1145 1191 
1170 1217 
1195 1242 
1221 1268 


797 

818 

839 

860 

882 

904 

926 

948 

970 


43 49 

to and 
48 over 


993 

1016 

1040 

1064 

1088 

1113 

1137 

1162 

1188 

1213 


1239 

1266 

1292 

1319 

1346 


821 

842 

863 

884 

006 

928 

950 

973 

996 

1019 

1043 

1067 

1091 

1115 

1140 

1165 

1190 

1216 

1242 


864 

886 

908 

930 

953 

975 

998 

1022 

1045 

1069 

1093 

1118 

1143 

1168 

1193 

1219 

1245 

1271 


1268 1298 
1295 1324 
1321 1351 
1348 1379 
1376 1407 
1435 


662 


Table 17 . 19 . Height at Withers as Related to Age and Weight of Ayrshire 

Females 



Height 

at 

withers 

(in) 


21 

2R 

22 

221 

23 
231 

24 
241 

25 
251 


26 

261 

27 
271 

28 
281 

29 
291 

30 
301 


31 
311 

32 
321 

33 
331 

34 
341 

35 
351 


36 
361 

37 
371 

38 
381 

39 
391 

40 
401 


41 
411 
2 

21 

43 

431 


Height 

at 

withers 

(in) 


Age in months 





69 75 
72 79 

75 83 
79 87 

82 91 
85 95 
88 100 
92 104 
95 109 
99 114 


102 

106 

110 

114 

118 

122 

126 

130 

134 


118 

123 

128 

134 

139 

144 

150 

156 

162 

168 


174 

180 

187 

193 

200 






49 
494 

50 
504 


51 
514 

52 
524 

53 
534 

54 
544 

55 
554 


82 

86 

91 

96 

101 

107 

112 

118 

124 

130 


136 

143 

149 

156 

163 

171 

178 

186 

194 

202 


211 

219 

228 

237 

246' 

256 

266 

276 

286 

296 




5)8 

, 539 

551 

538 

560 

572 

559 

581 

594 

580 

603 

615 

602 

626 

649 

BSq 

^1 


673 

685 



710 



735 


86 
91 
96 
102 

108 no 

114 116 
121 123 
127 131 
134 138 
142 146 


149 

157 

165 

173 

182 

191 

200 

209 

219 

229 


239 

250 

261 

272 

284 

296 

308 

321 

334 

347 


154 

163 
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Chapter 18 

Relation to Growth and Eflficiency with Special 
Reference to Milk and Egg Production* 

Death is the end point in a long chain of events, and biologically it may be 

best understood in terms of the antecedent physico-chemical processes. 

A. E. Cohn 


Long life, the resultant of a sound, harmoniously functioning, slowly-aging 
body, is an obviously important factor in the long-range efficiency complex. 
Dairy cattle, for example, do not pay for themselves in milk and calves until 
they are about four years old, and the longer thereafter they maintain a 
satisfactory yield the greater the clear profit on the growth investment. 
The same holds true for many other productive processes, including those of 
man, who often requires 25-odd j^ars of rearing and formal education for 
productive work and 25 yearn for proving himself. The phenomenon of 
aging is, therefore, of great agricultural and social importance as well as of 
personal and scientific interest. 

The age at death is determined by two more or less interrelated sets of 
causes: (1) external^ f.c., from infections (scarlet fever, typhoid, tuberculosis, 
etc.), especially in the young, and (2) internal, i.e., from the insidiously de- 
veloping degenerative diseases (Fig. 18.10, after Pearl*). 

Many external causes of human death, particularly infections, are being 
brought under control by public health measures, by more efficient antisepsis, 
and by better personal hygiene, with the result that the average expectancy 
of life is increasing. Thus while in ancient Rome the av'erage life expectancy 
at birth was 25 years, in contemporary (pre-war) Rome it is 55 years, and in 
contemporary continental United States it is about 64 years^; and the former 
major cause of death, infectious diseases such as tuberculosis, is giving place 
to non-infectious diseases, such as heart disease.^ 

* Grateful acknowledgements are made to Drs. E. J. Stieglitz, L. K. Frank, C. M. 
McCay and Ralph Bogart for critical reading of parts of this chapter; also to Dr. C. E. 
Marshall, Professor of Colloid Chemistry and to Dr. A. E. Steam, Professor of Physical 
Chemistry at the University of Missouri, 

^ Pearl, R., and Raenkham, T., Hitman Biology^ 4, SO (1932). 

2 Rise in the mean life expectancy in the United States : 1800, 36 years ; 1850, 40 years ; 
1900, 50 years; 1920. 55 years; 1930, 60 years; today, 64 years. In the 1920-40 period 
death rates from tuberculosis and pneumonia approximately halved; from circulatory 
disease approximately doubled. 

* Report to the National Resources Committee on The problem of a changing popula- 
tion, Government Printing Bureau, Washington, 1938. 
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iiicroasc in avcraKo life expectancy increases the percentage of 
persons in the older age groups (hig. IS. la). In 1850, half of the population was adult, 
above ISyears; today about two-lhirds ol the population is over ISyears.^ Duringthe 
brief 1930-40 interval those ol 05 years and above increased by 35 per cent, whereas the 
total population increasetl by only 7 per cent. 4'he increase in the percentage of older 
persons, of course, raises interesting problems. Thus wisdom tends to bo cumulative, 
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Fig. 18.1a. The influence of control of infectious disease on the age of distribution 
of the population. (Reproduced from negative 27324-A, Bureau Agricultural Eco- 
nomics, U. S. Dept. Agriculture.) The population under 20 years of age was over 50 
per cent in 1870, 40 per cent in 1930, 35 per cent in 1940, and (it is estimated to be) 30 
per cent in 1950, 25 per cent in 1980. The population between 20 ami 60 years of age was 
45 per cent in 1870, 53 per cent in 1930, and (it is estimated to be) 57 per cent in 1950, 
and 55 per cent in 1980. The chart was prepared from the following data (Report to 
the National Resources ('ommittec. Government Printing Office, 1938): 
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Year 

Under 5 yrs. 
of age 

Population, Per cent 

5-19 yrs. 20-44 yrs. 

45-64 yrs. 

Over 
65 yrs. 

1850 

15.1 

37.4 

35.1 

9.8 

2.6 

60 

15.4 

35.8 

35.7 

10.4 

2.7 

70 

14.3 

35 . 4 

35.4 

11.9 

3.0 

80 

13.8 

34 . 3 

35.9 

12.6 

3.4 

90 

12.2 

33.9 

36.9 

13.1 

3.9 

1900 

12.1 

32.3 

37.8 

13-7 

4.1 

10 

11. G 

30.4 

39.1 

14.6 

4.3 

20 

11.0 

29.8 

38.4 

16.1 

4.7 

30 

9.3 

29.5 

38.3 

17.0 

5.4 

35 

8.5 

28.2 

38.6 

18.8 

5.9 

40 

8.3 

26.4 

38.8 

20.2 

6.3 

50 

7.9 

23.1 

39.7 

21.4 

7.9 

60 

7.1 

22.2 

37 . 4 

23.3 

10.0 

70 

6.7 

20.6 

35.0 

25.9 

11.8 

80 

6.4 

19.6 

33.7 

25.9 

14.4 


to increase with increasing experience associated with the passing years, and from this 
viewpoint the longer the survival (prior to senile dementia) the greater the social gain 
on the initial rearing and education investment. History is replete with epochal con- 
tributions of men old in years and wisdom— Goethe, Michelangelo, Benjamin Franklin, 
Justice Holmes. Unfortunately, not only wisdom mid generosity, but also folly, cruelty , 
maladjustment and invalidism tend to be cumulative. Similar young develop into dif- 
ferent old exerting dilTercnt influences on society. Moreover, this rate of change differs. 
Some are mentally, emotionally, and in general physiologically old at 40 years; others are 

young at 80 years and wiser. 
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Fig. 18.1b. The first cycle represents tlie enursc of growth and senescence of a culture 
of lactic-acid producing bacteria in milk. Growth ceases after a characteristic con- 
centration of lactic acid is attained. The proof that the accumulating acid is the limit- 
ing factor in growth is furnished by the fact that when the sour milk was neutralized 
with lime water, a second growth cycle was produced, virtually a duplicate of the first 
cycle. Similar curves result when food is a limiting factor. Cessation of growth leads 
to death of the bacteria. 



< 

Fig. 18.2. Age course of enzymatic 
activity in the human alimentary 
tract. Interpolated and recomputed 
in terms of percentage values and 
plotted from charts by Meyer, J., and 
Necheles, H., J . Am. Med. Aasn., 116, 
2050 (1940). 
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Returning to the causes of tleath, the controllable external causes of the 
chance ^'ariety need no explanation except insofar as accidents are more 
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Fig. 18.3a. Age course of reaction time to a simple electric shock in rats. From 
E. B. Brody, Gen. Physiol. , March 15 (1941). Note how the infantile reaction time 
recurs during senescence, but, of course, actuated by different factors. 



AGE. YEARS 

Fig. 18.3b. Age changes in the curdio-resi)iratory reserve of man. Uiipublished chart 
by H. H. Kibler, prepared from tlie numerous published papers by F. G. Benedict and 

associates. 


likely to be fatal to the old because of reduced reserve power. Indeed, de- 
cline in the reserve power, or in the safe!}'’ tactoi*s, retiuircd to withstand the 
stresses and strains of life is the l)est index of the aging process, and a theory 
of senescence should explain this decline. 
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The outstanding surveys of published literature"* and of projected studies® 
on aging do not offer a general theory. Some maintain that aging is a cumula- 
tive expression of repeated environmental insults (infections, improper diet, 



Fig. 18.4. Decline in the range of accommodation of the eye (presbyopia). “The 
change is due to the hardening of the lens by loss of water and the deposition of cho- 
lesterol and some insoluble globulins. . . . The early presbyopes die early, the late 
presbyopes die late.” — Felix Bernstein, Symposia on quantitalive biology^ 2, 214 (1934). 
“The lens grows throughout life . . . the lens contains from birth to old age . . . embryo- 
nal parts . . . difference in relative proportion of young and old tissue within it.” J. 
S. Friedenwald, in: “Problems of Ageing,” p. 512. 

toxic substances in the atmosphere, worry, etc.) which initiate and accelerate 
irreversible changes constituting senescence. It is agreed that external 

^ Cowdry, E. V., Editor, “Problems of Ageing”, Baltimore, 1939. P'oreword by L. K. 
Frank, introduction by John Dewey, and 25 chapters by 25 authors on subjects ranging 
from aging of plants to aging of psychological processes. Steiglitz, J. A. M. A., 116, 
1183 (1941), and News Edition, Am. Chem. >Soc., 19, 1147 (1941); Sci. Monthly, June 
(1944); “Geriatric Medicine”, Saunders, 1943, Korenchevsky, V., “The war and the 
problem of ageing”, Jour. Am. Med. Assoc., 119, 624 (1942). MacNider, \Vm. de B., 
Science 99 (1944). 

® Stieglitz, E. J., Report of a Survey of Active Studies in Gerontology, National In- 
stitute of Health, U. S. Public Health Service, 1942. 
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causes condition the average expectancy of life at birth, but it is not agreed 
that such external causes condition the individual maximum life span. The 
1 e span of Drosophila was not increased, indeed it was reduced somewhat, 
by aseptic housing.® Just as the maximum life span of man is about 100 
yeare, so of Drosophila it is about 100 days and of the white rat about 1000 
days. Each apparently grows and ages by its own hereditary clock (Ch. 19). 

Senescence and death are, of couise, not inherent in unicellular organisms, 
such as bacteria or yeasts; they simply divide continuously, provided, how- 


Fig. 18.5. Age curves of basal 
metabolism, cardiac output, urea 
clearance, and blood urea concen- 
tration. Recomputed, equations 
fitted, and plotted from: basal 
metabolism, W. H. Lewis Jr., Am. 
J . Physiol,, 121, 502 (1938) ; cardiac 
output, W. H. Lewis, Jr. Id., p. 517; 
urea clearance (ability of kidney 
to remove urea from blood), and 
blood urea coriceniration, W. H. 
Lewis, Jr., and A. S. Alving, Id., 
123, 500 (1938). As before, the 
exponents in the equations multi- 
plied by 100 represent instanta- 
neous percentage decline per year. 
These equations were fitted to the 
data by the method of least 
squares. 
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ever, that the metabolic products (as lactic acid, illustrated by Fig. 18.1b, 
or alcohol) are removed from and food supplied to the culture medium^ 
But if growth stops, due either to accummulation of metabolic products or 
exhaustion of food, senescence processes set in and death follows.® 

Likewise, many tissues from higher organisms are potentially immortal, 

® Loeb, J., Sci. Monthly, 9, 580 (1919). Bogdanow, H A,, Arch. yes. Physiol., (1906), 
and Arch. Anal, and Physiol., (1908). 

^ C/. Woodruff, L. L., ‘*A long-continued pedigree culture of paramecium'\ Proc. 
Nat. Acad. Sci., 7, 41 (1921), 

* Falk, I. S., and Winslow, C-E. A., J. Bad., 11, 1 (1926). Rahn, O., “Physiology of 
bacteria", Philadelphia, 1932. 
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as dcnionstratGd by the continuous growth of cancer tissue when trans- 
planted to successive animal generations and by continuous growth of normal 
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Fie 18 6. Age curves of basal heat production plotted on arithlog grids. 

II in and iy represent the daily metabolism, respectively, per unit surface area, pe 

unit weighrand pS ail plotted from data by Harris and Bened.ct 

Inst, of Washington, Pub. 279, pp. 123 and 118. Our numerical values of e.xponents 

indicate that the metabolism declines at the approximate f Pfeurves 

the exact value depends on the reference bases. W e •'‘f ‘h?^ * e 

are exponential, declining at a constant percentage rate; Hams and 

Disease*’.) 

tissues when transplanted at sufficiently frequent intervals into fresh culture 
media.*" One of the tissue cultures obtained by Carrel from the chick hear 

» Loeb Leo “On transplantation of tumors”, J. Med. Res., 6, 28 (IWl). “^ssue 
growfcd tu^or growth”, J. Cancer Res 2 135 (1917.) 

tial immortality of mammalian tissues, J. Gen. Phijswl., 8, 417 (19-6). . ,, , 

10 Carrel Alexis “On the permanent life of tissues outside of the organism, d. 

Exv Med is, 516 (1912); “Measurement of the inherent growth energy of tissues, ., 
S Ml (1923)! CaVrel aAd Ebeling, A. H., “The multiplication of fibroblasts m vUro. 

Id., 34, 317 (1921), and many subsequent papers. 
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in January, 1912, is still growing by the continuous-transplantation method, 
thus demonstrating that body cells are also potentially immortal. But in the 



t 

tu Age 


Fig. 18.7. Age course of nietaboiisin per unit weight plotted on arithlog paper. Ages 
are in months, except for humans and elephants in years. Tiie numbers on the curves 
refer to corresponding legends on the chart. The elephant, like the horse, was meas- 
ured in a standing position. See Missouri Agr. Exp. Sta. Res. Bull., 176, 1932, for details 
about the data. 

body, as part of a closed system, they age and die. How shall one explain 
the mortal nature of the closed system in the face of the immortality of the 

component cells? 
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Many years ago Minot" wrote dramatically on the meaning of senescence: 
that the percentage growth rate decUnes with age and that “retardation of 
growth is old age and its cessation is death”. According to this theory, 
generally accepted in principle, the aging process begins with the onset of 
life and is, indeed, most rapid at the earUest ages. Pragmatically, however, 
the aging of a given function is said to begin when the peak is passed. Thus 
a prize fighter is said to be old at 30 because his fighting ability has passed 
its peak, and is on the decline; a Supreme Court justice may be young at 70 
yeais because his judicial wisdom may then still be at its peak. 



18.1 : Physicochemical theory of aging.* But why does cessation of growth 
lead to death? The simplest explanation is that body colloids, such as tis- 
sues, undergo progressive aging in the manner of non-living colloids." Ban- 
croft’s" suggestion that sodium rhodanate (NaCNS?) when taken ‘ about a 
teaspoonful a week of a 10% solution” may “retard the aging of the colloids 
of the body” calls attention, in a highly over-simplified manner, to the col- 
loidal theory of senescence. Many age changes in the body are such as might 

"Minot, C. S., “Senescence and rejuvenation,” J. Physiol., 12, 97 (1889). The 

problem of age, growth, and death,” New York, 1908. -if- .> r 

" Dhar H R , “Old age and death from a chemical point of view, J. Physical 

Chem., 30 ,’ 378 (1926), and 34 , 549 (1930). 

" Bancroft, W. D., et al., Science, 80 , M9 (1934), and 81 , 152 (1935). 
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be expected from the assumption that its colloids are setting. Thus progres- 
sive dehydration*'* with consequent decrease in the degree of dispei'sion and 
in related physicochemical changes*- in the tissues are similar to those occur- 
ring in other non-living colloids. Reduction in elasticity,*^ surface energy, 
and chemical reactivity are equally marked in aging inorganic and in body 
colloids. The rates of virtually all metabolic processes (Figs. 18.1 to 18.8) 
decline with increasing age, as might be expected from progressive decline in 



Vslue of k.. 

Fig. 18.9. Estimated duration of life of different species as function of the rate, k, 
of approach to mature weight. The longer the growth period (the smaller the value 
of k), usually the longer the life span. 

physicochemical icacti\'ity. The age curve of ionic interchange is in har- 
mony with the colloidal aging theory.'® The aging of tissues is apparently 

Moulton, C. R., J. Biol. Chem., 67, 79 (1923). McCay, C. M., in Cowdry, E. V,,‘ 
pp. 592-617. Murray H. A., Jr., J. Gen. Physiol., 9, 789 (1926). Murray, J. A., J. Agr. 
>Sct,, 12, 103 (1922). H. S. Simms and A. Stolman, Science, 86, 269 (1937), reported that 
tissue from persons over 70 years contained more water, chloride, total base, sodium, 
and calcium and less potassium, magnesium, and ash than from persons 30 to 40 years old. 
“Steele J M "Changes in elasticity with age/' Dfy.Sio/. C/iem. Am. C/iem. 

Soc., Sept. 8, p. 2B (1941). 

“ Jenny, H., J . Phyexcal Chem., 40, 501 (1936). 
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accelerated by increasing temperature in the same maimer as the aging of 
inorganic colloids. 

Dhar'2 suggested that death “from old age” in homeotherms occurs when 
the oxidation or metabolic rate falls below a certain level required for homeo- 
thei-my- Figs. 18.5 to 18.8 (and data on pp. 707-9 ) on the decline in metabolic 
rate with increasing age may be illustrated by the following numerical data, 



Age at death 

Fig. 18.10. Age trends in percentage mortality due to breaking down (A) organ 
systems normally in direct contact with the external .env'.ronnient (p us external causes 
except suicide); and (B) organ systems normal y not '"d'^ect contact with the 
environment (plus “senility”). Chart by Pearl, R., and Raenkham, T., C 
factors in mortality at advanced ages/’ Hvman Biologtjj 4, 115, 


obtained nearly a half centuiy ago by Magnus-Levy'« on the metabolism of 
different individuals at different ages but of the same size. 


Age 

Body weight 
(kg) 

Metabolism 

(Oi/min.) 

15 

44 

217 

24 

43 

196 

71 

48 

163 


” See Chapter 11, and Loeb, J., and Northrop, J 'H-. ’ 

(1916), and 3, 382 (1917): also/. Biol. C/iem., 32, 103 (1917). -rj 9^/18991 

» Magnus-Levy, A., and Falk, E., Arch. f. Anal. u. Physiol. Suppl. Bd., 315 (1899). 
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The latest contribution to the problem on the interrelation of metabolism 
and age is also by Magnus-Lovy,'» made a half century after the firet report. 

The decline in total metabolism with increasing age is associated in part with 
declining body weight and in part with advancing age, as indicated by the 
decline in metabolism per unit area. The decline is small, but it does not take 
much of a metabolic decline to reduce the body temperature to an unsafe level 
in the old when the homeothermic reserves are at a low level. 


Data on the metabolism of aging rats’" likewise indicate a slight decline in metabolism 
with increasing age. It was previously noted (Ch. 6) that many disabilities associated 
with aging may be viewed as being due in large measure to declining ability of the 



Fig. 18.11. The age course of senescence in man as measured by the time rate of 
healing of wounds at different ages, and in domestic fowls by the time rate of egg pro- 
duction, and by the duration of life in fibroblasts grown in blood serum of chickens of 
different ages. 100 k represents the percentage decline for the unit of time indicated 
on the age axis, d represents the time required for any value to decrease to half, thus 
the time rate of egg production is halved in 5.8 years. 


circulatory system to supply oxygen to the tissues and of the declining ability of the 
tissues to utilize the oxygen. But what causes these declines? Perhaps the setting of 
the colloids of the circulatory system and of the tissues in general . 

Senescence has been attributed to the declining functions of some limiting endocrine 
glands, such as the thyroid, adrenal, and gonad. The gonads are not in tlie class of 
senescence-limiting, since castrated animals live as long, probably longer, than normal. 
The thyroid, adrenal, and other glands may become relatively ovcractive as well as 
underactive with increasing age— a problem for medical treatment^*. The colloidal- 
energetic theory of senescence offers the simplest and most reasonable explanation of 
many phenomena. 


Magnus-Levy, Adolph, “Basal metabolism in the same person after an interval of 
fifty years,” Jouv. Am. Med. Assoc., 118, 1369 (1942). 

“ Benedict, F. 0., and Sherman, H. C,, ./. Nut., 14, 179 (1937). Davis, J. E., Ann. 
J . Physiol., 119, 28 (1937). Belasco, I. J., and Murlin, J. R., Endocrinology, 28, 145 
(1941). Brody, S., and Windcs, A. C., unpublished data. 

See for example, Loehner, C. A., “Effect of adrenal cortex extract on psychotic 
patients,” Endocrinology, 23, 507 (1938), and 27, 378 (1940). 
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18.2 : Control of aging. In fai*m animals in particular and herbivorous ani- 
mals in general deterioration of teeth is often the limiting factor which leads 
to digestive disturbances, malnutrition and ultimately death. In other spe- 
cies, particularly in humans and in working animals, deterioration of the 



Age 


Fig. 18.12. The specific mortality of the given population of man appears to increase 
with increasing age of the surviving population. Thus the percentage^ mortality due 
to pneumonia increases at the rate of 5 per cent per year; or the mortality is 
13.9 years (d represents the time in years in which the mortality is 
increases in percentage mortality due to different causes are different; but for all the 
given causes the increases take place at a constant percentage rate as indicated oy tne 
linear distribution of the data on the arithlog grid. 

cardiovascular renal system is often the limiting factor and cause of death 
(Fig. 18.10). The adequacy of the internal environment is dependent on 
that of the cardiovascular-renal system.^- In the words of Pearl, ^ if the 
upper limit of the human life span (as distinguished from the ayerage duration 
of life) is to be materially extended beyond what it now is, it mil be necessary 

22 Cf. Carlson, A. J., “An unwritten chapter in the physiology of aging,” Set, 
Monthlyy July 1939. 
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for man to acquire, by some means not yet clear, a circulatory system or- 
ganically superior to the already extremely good one — taken at its best — 
that he now has”. The second most serious cause of death with increasing 



Fig. 18.13. The age course of specific mor- 
tality in a population of Drosophila. The 
specific mortality increases at an approxi- 
mately constant percentage rate, namely 
3.9 per cent per day. (The specific mor- 
tality is doubled in 17.8 days.) 





Fig. 18.14. The rise and decline of vital (lung) capacity plotted on aritlilog paper. 
Between 28 and 65 years the vital capacity appears to decrease at the rate of 0.7 per cent 
per year (a slightly greater value than that for the percentage decline of basal inetabo- 
lism). If the line is drawn to include age 80 years, the decline is about 1 per cent per 

year. 


age is deterioration of the organismic controls—'' as manifested by the ovei- 

growth of certain eells leading to cancer. 

The simplest way for increasing the longevity of farm animals is by selec- 
tive mating of the long-lived individuals. The progeny of old parents should 

*2* Little, C. C., Jour. Am. Med. Assoc., 126, 93 (1944). 
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tend to be long-lived, and also hardy, because long survival normally reflects 
a hardy, harmoniously functioning constitution.*’ From the viewpoint of 
longevity and long-range efficiency the present tendency to overwork and to 
dispose of animals at early ages is th\is unfortunate. 





Fig. 18.15. The rise and decline 
of strength of grip with increasing 
age. The nature of the distribu- 
tion of the data does not permit an 
evaluation of its constants from 
the present point of view. 




AGE. YEARS 


Fig. IS. 15a. “Originality” (number of inven- 
tions or discoveries) as function of age. From 
Thomas Midgley, Jr., presidential address, Ameri- 
can Chemical Society, Sept. 1944, in Chem. and 
Eng. News, Am. Chem. Soc.y 22, 1647 (1944). See 
also Lehman.®® 


The question under consideration, however, is not to develop hereditary 
long-lived animals, but to control the rate of aging of existing animals. What 
are the non-genetic factoi's conditioning longevity? 

If one accepts the colloidal theory of aging, control would consist in the 
first place of making sure of sound development of the tissues by proper 
nutrition and by avoiding injuries, such as rheumatic fever; and secondly of 

Pearl, R., “Duration of life as an index of constitutional fitness,” Poultry Sci., 
3, 1 (1923). 
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avoiding influences whicli tend to “set” the body colloids prematurely. In 
brief, “the art of prolonging life is not shortening it” (Max Rubner). 

According to the colloidal theory of aging, any factor which accelerates the 
metabolic processes beyond a relatively low level should accelerate the rate 
of aging and shorten the life span. The causative factois may be as diverse 
as muscular work, overactive nervous or endocrine systems, environmental 
temperature (low for warm-blooded animals, high for cold-blooded), small 
body size associated with early maturation and high heat production per unit 
weight, excessively high nutritive le\'el, and so on. The higher mean life span 
of many female homeotherms may be associated with their lower energy 
metabolism Rubner’s energetic theoiy of longevity^® thus becomes a corol- 
lary of the colloidal theory. The influence of metabolic rate on the aging rate 



Fig. 18.16. The rise and decline 
of milk yield with increasing age 
as indicated by 7-day records from 
the Advanced Register of Holstein 
cows. The circles are observed 
values; tlic smooth curve repre- 
sents the e(|uation in tlie chart. 
The fit of the equation to the rising 
segment of the age curve of milk 
yield indicates that until t he maxi- 
mum, tlie milk yield follows the 
course represented l)y the growth 
equation 16.12. 


and on life span should be somewhat similar to the influence of temperature 

on the aging rate of inorganic colloids. . 

Rubner has calculated” that the quantity of energy metabolized per kilo- 
gram body from maturity to death is nearly the same m warm-blooded 
animals, except man. This is illustrated by the following estimates : 


Species 

Horse 

Cow 

Hog 

Cat 

Guinea j)ig. . 


Body weight 
(kg.) 

450 

450 

22 

3 

0.6 


length of life 
(years) 

30 

26 

9 

8 

6 


Calories e.xpended during 
life time per kilo adult 
body weight 

170.000 

141.000 

164.000 

224.000 
261) , 000 


Unlike the above species, which generate about 200,000 (’alories per kilo 
during the life cycle, man was estimated to generate about 800,000 Calori&s 


Landauer, 
25 Rubner, M 
und Ernahrung, 


W., ami A. B., Am. Naluralisl, 66, 492 (1931). 

“Das Problem der Lebensdauer und seme Beziehungen 

Berlin, 1908. 


zum Wachstuni 
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per kilo. This may be correlated with the relatively long growing period,^® 

4 

that is, with the delay in the cessation of growth, in man as illustrated in Fig. 
16.7, also Figs. 19.4-19,6. It is obvious from the colloidal theory of growth 
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Fig. 18.17. The rise and decline in milk secretion with the advance of the period of 
lactation of three groups of Holstein cows. The upper curve represents average milk 
yields of 47 cows milked 4 times a day. The middle curve represents the average yields 
of 32 cows milked 3 times a day. The lower curve represents 40 cows milked two times 
a day. The data were compiled by C. W. Turner of this (Dairy) Department (cf. Turner 
et al., J . Dairxj *8cf., 6, 527(1923). 

The rising segments are represented by the equation 

W = A ~ Be-^* (1) 

The declining segments by 

W = (2) 

W represents milk yield at time i after calving. A is the maximum milk yield. C is 
the theoretical yield at parturition obtained by extrapolating the declining segment to 
zero time. A*, is the (daily) fractional decline in the successive increases of milk yield 
for the rising segment. A'j is the fractional decline in the time rate of milk secretion 
for the declining segments of the curves. The smooth curves represent a combination 
of equations (1) and (2), namely 

W = (3) 

The numerical values of C and A '2 are the same as in equation (2). A's is very roughly 
the difference between A *2 and k, D is not far from the value of B. See Fig. 18.25. 


that the longer the delay in growth cessation the longer the maintenance of 
the freshness of the colloids. The mean persistence of a given tissue is cor- 

2® Lusk, G., “The Science of Nutrition,*' p. 571-2, 1928 ed. 
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related with its continuous renewal, its colloidal freshness. Survival is in- 
deed, as i\Iinot expressed it, dependent on continuance of growth. This 
would be expected to hold for animals of different species, as shown in Fig. 
18.9, which indicates that the life span tends to be a multiple (about five 
tiraes)-^ of the duration of the growth period, and also within the species, 
as will be discussed in connection witli ^IcCay’s results. (In Fig. 18.9, k 
is the constant of equation (16.12), representing the rate of approach to the 
mature weight, *1 ; the higher the \'aluc of k the more rapid the approach to 
maturity, that is, the shorter the duration of the growth period.) The prob- 
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demonstrated 

terms of percentages of the mature values. 'Iho numerical data for the weiglits and 
yields are given in Missouri Res. Bull. 96. 

lem of the influence of rate of maturation on tlie life span is complicated by 
the body-size factor; the rapidly maturing species usually has the smaller 
body size and, therefore, the higher metabolism per unit weight. 

!7Pln,.rnn«M I P “Dc la longCwitc humainc et dc la quantit6 dc vie sur la globe,” 

Paris Zl Buffon G L C., ‘‘llistoire naturelle gC-nfrale et particulaire,” 1749. 
PunffP ■“Waehstumgeschwiluligkeit und Lebensdauer der Saugethiere,” Pjluger's. 

mToSs (ITO.' Bell. E. IE. “M.mm.lia. longo.ity " Wel.r,, 60 

Isft T ankastcr R . “Longevity of man and lower animals,” London, 1870. 

MUehell P C “Longevity and relative viability in mammals and birds,” Proc. Zool. 
S London 425 (1911) Flower, S. S.. “Duration of life in vertebrates,” Id., pp. 247, 
269 91b 1865 (1931); P- 265 (1935); p. 369 (1936); p. 1 (1937); p. 195 [1938). 
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18.2.1: Longevity and muscular exercise. Muscular exercise necessarily 
increases the metabolic rate, and if it exceeds a certain level it should ac- 
celerate the aging rate. Evidence substantiates this inference, especially 



I 


Fig. 18.19. The relation between body weight and butterfat yield during the period 
of growth (2.25 to 8.5 years). The equation indicates that an increase in body weight 
by one pound is accomplished by an increase in butterfat yield by 1.04 pounds per year. 
The mammary function and the body weight follow the same course during this period 
of the life cycle. 

4 



Fig. 18.20. Diagrammatic illus- 
tration of growth and senescence 
as reversible processes, modified 
from Child. 
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for exercise following middle age.-* Slonaker-* reported that rats having 
access to revolving drums for voluntary exercise ran about 5500 miles during 
life and lived about 30 tnonths; control rats which had no access to revolving 
driuns lived about Ifi months. This observation needs confirmation, especially 
on. dogs and hoi-ses. 
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Fie 18 21 A comparison of the declines in milk production in cows (curves 1, 2, 4, 
5 6) and eoats (curves 7, 8. 9) plotted on arithlog paper. There is a break in some 
curves due to pregnancy between 6 and 9 montlis in cows, and 6 to / months KOiifs. 
The Curves precedi^ng the break are indicated by A, and hose following the break by . 
tL exponents mulUplieil by 100 represent the monthly i)ercentaKe declines in milk 
production! which are seen to range (for segments .\) from 5.5 to li per eent for cows, 
and from 6.8 per cent to 19.6 per cent for goals. 

Human mortality data tend to substantiate the inference that hard muscu- 
lar work is probably associated with early mortality. Thus, according to 
Dublin and Lotka,’» unskilled manual workeis have a mortality rate of 13 

28 pf T^nnrl “The HioloEV of Death,*' Philadelphia, 1922. The Rate of Liv- 
ing,”^New Yo^k^^im ^ “Ucseardi proves that hard work does kill,” A'cic York Times, 

^‘’‘^^s^nn!ker J H “The normal activity of the albino rat and its rate of growth and 

duratUn oflYfe:-- J.Animal Behavior, 2 20 (1912) ,, 

30 Dublin, L. I., and Lotka, A. J., bpan of Life, New York, \\i6h. 
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per 1000 as contrasted to almost half, 7 per lOOO, for the professional and 
executive classes, who presumably do not work so hard physically. No 
doubt poorer nutrition and other factors of hygiene and perhaps even heredity 
may contribute to this striking mortality difference. This is indicated by the 
fact that agricultural laborers have a lower death rate (8) than unskilled c;ty 
laborers (13), and that the rural life expectancy is 62 and 65 (for men and 
women, respectively) as contrasted to 57 and 61 for urban life expectancy. 
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Fig. 18.22. The rise and decline of “vitality” in man (U,. S. Registration area) with 
increasing age as measured by the breakdown of the nervous^ system, and excre^ry 
system. The data are represented as percentages of the maximum values. See Fig. 

18.12 for the mortality data. 

18.2.2 : Longevity and temperature. Increasing temperature increases the 

metabolic rates of cold-blooded animals (Ch. 11 , Fig. 11 . 1 ) and therefore increases 
the rates of growth and of senescence. Hibernation states of various types®* de- 
crease the metabolic rates and consequently prolong life. This accords with the 

For prolonging life in lower animals by desiccation, see Conklin, E. G., ‘‘The 
size of organisms and of their constituent parts in relation to longevity, senescence and 
rejuvenescence,” Pop. Sci. Monthly j 83, 197 (1913). 
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colloidal theory. The inetaboli.sni of warm-blooded animals is oppositely af- 
fected by temperature below a certain optimal level : the lower the temperature 
the higher the metabolic rate (Figs. 11.1 and 11.11), and one would infer 
the more rapid the aging rate. This inference needs to be tested on warm- 
blooded animals by housing su(‘h animals as mice and rats at various tem- 
peratures. 

18.2.3: Longevity and the neuro-endocrine complex. High excitability 
due to genetic,-'^- endocrine, psychologic,^* and other peculiarities may ac- 


lo 



Fig, 18.23. The rise and decline 
of “vitality” with age in man 
(U. S. Registration .\rea) as meas- 
ured by the reciprocals of death 
rate, due to pneumonia. 



Fig. 18.24. The rise and decline of basal metabolism with increasing age in early 
life. (Sec cliap. 14.) 


celeratc the aging rate by increased metabolic tempo directly and indirectly 
(as by action on the circulatory system ) . The neuro-endocrine complex may 

thus influence the longevity complex. 


“ Yeakel, E. IL, and Rhoades, R. P., "Body and endocrine glands of emotional and 
non-emotionarrats,” iWocriWoi?;/. 28, 337 (1941). -o v P 

Cf Brown, W. T., and Gildea, L. t Arn. J . Psychiat., 94, o9 Sloan, E. P., 

"The Thyroid,” Springfield, 111- (C- C. Thomas), 1936. Dunbar, H. F., "Emotions and 

^ >‘*FuUon" Editor "The hypothalamus and autonomic function,” Vol . 20, /Yssn. 
Res. Nerv and Mental Dis., Baltimore, 1939. 



m 


BIOENERGETICS AND GROWTH 


Uncontrollable emotional behavior is observed clinically^® as a result of brain abnor- 
malities, and experimentally®® following brain injury. Excitability often follows 
fatigue, worry, intoxication, and related factors which weaken the normal integrative 
control of the cerebral cortex. 

Acute emotions are characterized by tense feelings and restlessness which profoundly 
affect visceral and other activities. Certain nerve excitations (parasympathetic, vagi, 
sacral) result in the production of excessive amounts of acetylcholine, sympathin, and 
histamine, which affect the heart, intestine, blood vessels, and skin, with consequent 
disturbances of various types. 

Crile®' has written eIo(iuently from his great surgical experience in war and peace 
on the importance of emotions on the brain, thyroid, adrenal, celiac ganglion and sym- 
pathetic system (adrenal-sympathetic system) as “energy controller", and the burden 




Popiod of Lactation 


Fig. 18.25. The course of milk production with the advance of the period of lactation. 
This chart supplements Fig. 18.17, and illustrates the fit of one equation for the declining 
course of milt production, another for the rising course. The two equations are com- 
bined into one in Fig. 18.17. 


they place on the cardio-vascular system. According to Crile, animals living in cold 
environment which are good conductors of heat (such as ocean water, 2/ times as good 
a heat conductor as air), developed in the course of evolution particularly large brains 


Cf Cushing. H., “Intracranial tumors," Springfield (Thomas), 1933. 

3® Cannon, W. B., and Britton, S. W., Am. J . Physiol., 72, 283 (1925). Bulato, L., 
and Cannon, Id., pp. 295, 313. (Removal of cortex from brain stem in cats led to dc- 
velooment of violent emotional outbursts on the slightest provocation, t here was 
lashing of tail, arching of trunk, clawing, biting, etc , accompanied by signs of vigorous 
sympathetic discharge as indicated by erection of hair, sweating of toe pads, dilation 

of pupils, increase in blood sugar up to five times normal ) rvinP^^tinnal 

” Crile George, “A neuro-endocrine formula for civilized man. ^*1® Lducational 

Record Suppl^^^ent, Jan. 1941, Am. Council Education, Washington, D. C. 
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and thyroids to keep the heat general ion at a high level. A socially or psychologically 
overstimulating environment may |)roduce a somewhat similar, but in this case i)atho- 
logical, syndrome. Thus exoj)hthalmic goiter, characterized by enormouslv high energy 
and protein metabolism, is peculiar to civilized man. “The brain-thvroid axis is 


of possibilities”.^" 

Some emotions are acute, such as those investigated especially by Cannon in relation 
to the sympathetico-adrenal system;^® others are chronic or conditioned, such as those 
investigated by Pavlov.^® 


looa 

600 


iooo 






I •:! 


S35SSgiSS8SgSSS8SB&li 


amaBBaaniEssa 


BBafVaBBBBBaK 




000 

600 


bbsbb 


Moa 0 


10 0 


Period of Lactation 




* Fig 18 26 To illustrate the effect of gestation on the course of milk |)roductioiMvitli 
the advance of the period of lactation. The rectangles and numerals indicate the month 
at which the cows were bred. The earlier the breeding the greater the decline in milk 
nroduction at the end of the year. Compare to Figs, 18.21 , 18.27 , and 18.30. 


What was said about man is true of animals, (lood animal husbandmen ai)preciate 
the iniportance of gentle treatment of their animals, and arc aware of the unpleasant 
conditioned reflexes that may ilcvciop, especially in horses mid dairy cattle. 

The division of causes of death into external and internal is thus somewhat arbitrary. 
Internal causes such as those due to the aging of the cardiovascular-renal system, are 
influenced by the endocrine and nervous activities, which in turn arc influenced by psy- 
chosocial and other factors and indeed by the nature of the thoughts, which are partly 
under control. As years roll on, from birth to old age, the individual “is reacting to 

»» Cannon W H "Hodilv changes in piiin, hunger, fear and rage,” New York, 1929 
and 193^ Cannon “The ‘wisdom of the body,” New York, 1932. Cannon, “The 
James Lange theory of emotion,” Am. J. Psychol., 39 106 (1927). 

** Pavlov, I. P., “Conditioned reflexes, London, 1927. 
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social life . . . with feelings of emotions which . . . influence bodily functions and may 
give rise to functional impairment and eventually to structural damage. . . . Worry, 
anxiety, and unhappiness may accelerate functional decline and aggravate the impair- 
ments of later life”.^® If just the feeling of being old can lead to a diminution of func- 
tional activities, is it possible to delay aging by continuing life activities and maintaining 
a feeling of competence for life?”^® 

Some of these ideas need to be worked out quantitatively by controlled experiments 
on laboratory animals by subjecting them to various psychologic factors (as fright) and 
following the metabolic levels and longevity; also by investigating the influence of 
various levels of thyroxine administration and thyroidectomy on metabolic levels and 
longevity. Similar investigations suggest themselves on the adrenals (administration 
of adrenaline, cortin, irradiating the adrenals, etc.) and on parts of the nervous system. 

Neuro-eiidocrine research in relation to aging is a virgin field. The thyroid is perhaps 
the only endocrine that has been at all investigated in this relation. Very little is 
known about its function in aging. The histology of the thyroid indicates both de- 
crease and increase in activities with advancing age^^. Some characteristics of old age 
resemble those of hypothyroidism. The respiration rate of thyroid tissue declines with 
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Fig. 18.27. Another illustration of the influence of the stage of gestation, on the course 
of milk production with the advance of the period of lactation. 

increasing age,^^ but a given dose of thyroxine or thyrotropic hormone has a 
metabolic effect on the old then young. Dogliotti^* believes that the activity of tne 
thyroid often increases with increasing age, and Cowdry^* noted that the thyroia m a 

^0 Frank, L. K., *‘The problem of ageing,'' Club for research on ageing. Washing- 
ton, D. C., Jan. 12-13, 1940. 

See Magnus-Levy, )895, and other references in Sect. 7.4. 

Carlson, A. J., in “Problems of Ageing," p. 361. 

Cooper, E. R. A., "The histology of the more important human endocrine organs 
at various ages," Oxford Med. Pub,, 1935. Parsons, R. J., Medical papers, dedicated to 
H. A. Christian, Baltimore, 366, 1936. Loeb, L., and Simpson R. M Science, 8^ 433 
(1938). Thompson, W. O., "The endocrine problems in later life. Med. Chn. of ivon/i 

Belasco, I. J., and Murlin, J. R., Endocrinology, 28, 145 (1941). Belasco, I. J., 

^^ «%ogfiotti. G. C., and Nuti, G. N., Endocrinology, 19, 289 (1935). 

Cowdry, fe. V., "A Text book of histology,” Fig. 96, p. 204. 
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111-year woman was in excellent coiulition. There are many such scattered observa- 
tions in the literature on the age behavior of endoerines which are difficult to interpret 
because of their widespread interrelations. The involution of the thyroid (hypothy- 
roidism) during aging may be the result of the aging of the body as a whole, and there is 
no reason for a priori assumption that thyroid administration would retard the general 
involutional process. Data arc needed on this irroblcm. 

18.2.4: Longevity and diet. Overweight certainly reduces the expectancy 
of life, both in rats'" and in man.'* One possible unfavorable factor is the 



Month of Lactation 


Fig. 18.28. Influence of age on the course of milk production with the advance of 
the period of lactation. 


increased energy metah'olistn a.ssociated with overfeeding (Ch. 4) and with 
carrying the extra weight of the overfed individuals. Then, too, excessive 
fat offers mechanical obstruction to the functioning of the visceral organs and 

” McCay, C. M., Maynard, L. A., Sperling, Gladys, and Osgood, H. S., “Nutritional 
requirements during the latter half of life,” J. Aul., 21, 45 (1941). lor the earlier 
papers, see McCay, Maynard, el al., “Growth of trout,” J. Nut., 1, 233 (1929); Cellulose 
in the diet, Id., 8, 435 (1934); “Ageing after retarded growth,” Id., 10, 63 (1935), and 

18 , 1 (19.39). 

Dublin, L. I., and Lotka, A. J., “Length of life,” New York, 1936. 
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to the free movement of the muscles in the conduct of the business of living, 
thus increasing the energy cost of their performances. 

One of the possible dangem of overfeeding with certain foods is of a some- 
what different nature, namely, deposition of lipoids, especially cholesterol, 
in the blood vessels, especially the coronary arteries, thereby reducing the 
rate of blood flow to the heart muscle, and often causing sudden death by a 
loosened lipoid fragment**^ and by thrombosis. 



MonUi of Lactation 


Fig. 18.29. Official test cows are bred 
later, therefore, do not show the depressing 
effect of gestation as the non-test cows. 
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Fig. 18.30. Comparison of the course of 
milk production in farrow and gestatmg 
cows. 


Overfeeding, especially on carbohydrates, is thought to hypertrophy the 
pancreatic islets with hyperinsulinism, establishing a vicious circle. The more 
food, the greater the hyperinsulinism, and the greater the hyperinsulinism, 
the greater craving for food, with resulting obesity. The hypertrophy of t e 
islets is then followed by their degeneration and diabetes. 


» Leary, Timothy, “Experimental artherosclerosi^s 
human (coronary) experimental atherosclerosis, Arch. Path. j 17 f 453 {1934} , y» 

E V., Editor, ‘^Arteriosclerosis,’’ New York, 1933. ^ r. a ooq 

50 Hess, W. N., Anal. Rec., 67. Sup. p. 37 (1933). Brody, S., Ann. Rev. Bioc., 4, 383 

(1935). 






AGING IN RELATION TO GROWTH AND EFFICIENCY 



The above discussion on deleterious effects of overfeeding was concerned 
with the energy aspects of overfeeding on calories. With the possible ex- 
ception of excessive intake of vitamins A and D, there is, perhaps, no danger 
of overfeeding vitamins.®^ There is certainly no danger from excessive vita- 
min intake from vitamin-rich natural mixed foods, and, normally, this is the 
form in which vitamins should be taken. Vitamin intake should, on the con- 
trary, increase with increasing age to compensate for reduced absorption,^’ 



Fig. 18.31. Age course of milk production as percentage of the 2-3 j'ear level. These 
are averages of different animals at different ages. 


utilization and storage, and greater needs for detoxification (Ch. 0), and es- 
pecially because of the declining oxygen supply to the tissues, which may be 
compensated in part by increasing the concentration of the oxidation enzymes 
(vitamins) in the body. The ideal diet for the aged should then he relatively 

Molitor, II., Fed. Proc., 1, 309 (1942). 

Cy. Irving, J. T., and Uicliards, M. li., “Influence of age on vitamin A reejuire- 
ments/’ iVafwre, 144 , 908 (1939). Kruse, H. 1)., U. S. Public Health Reports, 166, 1301 
(1941). 
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poor in calories and liberal in vitamins and other supplementary foods (Sects. 

20 . 5 - 20 . 6 ). 

Sherman^* reported favorable effects on longevity and growth of liberal 
supplements of vitamin A, riboflavin, calcium, and related factors found in 
milk, even when superimposed on an already good diet. Thus, rats fed for 8 
generations on a diet of one-third whole milk powder and two-thirds whole 
wheat reproduced and grew better and also li\’ed longer than rats fed on a 
diet of one-sixth whole milk powder and five-sixths whole wheat. This illus- 
trates Sherman’s “principle of the nutritional improvability of the normal”. 
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Fig. 18.32. Age course of milk production as percentage of the maximum production. 

% 

McCay**^ and associates reported spectacular data on the influence of in- 
terrupting growth during certain age intervals, beginning shortly after 
weaning, on the' life span, as illustrated by the following table. 


Diet ' 

1 

1 

Ma.ximum life span, of rats (days) 

1 


Males 

Increase 

Females 

Increase 

Rapidly growing 

896 

1 

1 

122 

985 

198 

Retarded 300 days 

1018 

1183 

‘‘ 500 “ 

1103 

207 

' 1078 

93 

“ 700 “ 1 

1025 1 

1 

! 129 

1 

1320 

1 

1 

335 


M Sherman, H. C., Campbell, H. L., et aL, “The influence of food upon longevity, 
J.Nui., 2, 415 (1930) ; 14, 609 (1937) ; and 21, 221 (1941) . See also Sherman, el al., J. Biol. 
Chem., 60, 5 (1924); 126, 381 (1938); 137, 627 (1941); Proc. Nat. Acad. Sci., 14, 85 (1928); 
25, 16 (1939); 27, 289 (Wl); News Edition, Am. Chcm, Soc.j 19, 1081 (1941). 
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Both the rapid and retarded-growth groups received the same quantities 
of basal ration diet, rich in protein, vitamins, and minerals, but not sufficient 
in calories to permit normal growth. The rapid or normal-growth group, 
therefore, received a starch-sugar-fat supplement to permit the rapid growth. 

The rapid-growth group is seen to have had rather long-lived individuals, 
896 and 985 days for males and females, respectively. The life span might, 



Fig. 18.33. Age course of milk production of cows not on test. 

perhaps, have been greater if this group received the supplement in the form 
of the vitamin-rich basal ration instead of the special vitamin-poor starch- 
sugar-fat ration. The retarded-growth group attained phenomenal life spans 
of 1103 days for a male retarded 500 days and 1320 days for a female retarded 

700 days. 

These striking results suggest several somewhat conflicting thoughts. 
The renewed growth following the 700-day caloric starvation may be in the 
nature of a new growth cycle, analogous to the second growth cycle of lactic- 
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acid bacteria shown in Fig. 18.1b, which does not differ in length from the 
firet growth cycle. One is tempted to say that for this female, which survived 
1320 days, life began at 700 days! This thought is in harmony with the col- 
loidal aging theory according to which the life span is correlated with the 
length of the growth period (Fig. 18.9). One w'onders w’hether the renewal 
of growdh in w^eight following the 700-day retardation w'as also accompanied’ 
by initiating of sex activity. 

One is reminded in this connection of Hartmanns amoeba, kept alive and 
youthful for four months by repeatedly cutting off part of the body which 



Fig. 18.34. Progressive iiuprovcnient of Kegister 
United States. 


of Merit Jersey eat tie in the 


continued regeneration; and of Child^s plunarian^^ (I*ig* 18.20) which le- 
verted to the immature form ou starvation, then again to the mature form 
on refeeding; and of Carlson’s or Child’s remark that a period of fasting gives 

one a feeling of exhiliration during the refeeding period. 

These results do not necessarily imply that growth retardation or periodic 

fasting are desirable practices ; growth retardation and fasting may prolong 
the life of a few hardy individuals, but, perhaps, the number surviving such a 


“ Asdell S A., and Crowell, M. F., “Effect of retarded growth on sex activity, 

/. JV«<., 10, 13 (1935). . , 

« Child, C. M., '‘Senescence and rejuvenation, Chicago, lyio. 
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regime under normal conditions is small. Tliis thought may be presented 
by the following questions: (1) What would be the life span of the retarded- 
growth rats if they had been kept on this retarded-growth level until death? 
Did the initiation of the new growth cycle after the 500 or 700 days of caloric 
starvation prolong the mean and maximum life span, and if so by how much? 
(2) What were the specific mortalities (deaths per 100 living of the same age) 
at various ages — for 10-day intervals (comparable to the yearly mortality 
tables for man)— of (a) the rapid -growth and the retarded-growth rats? 
Perhaps onlj'' such exceptional animals as are able to survive the starvation 
period benefit in longevity by the starvation regime. (3) What would be the 



Fig. 18.35. Age course of milk production of the same 292 Red Danish cows. This 
i$ the only curve representing the same animals. The milk production is plotted 
against successive 400-day lactation periods, not calendar years. 

influence of changed environmental conditions on these survivoiships (these 
animals were housed in air-conditioned rooms)? 

From an evolutionary viewpoint one would not expect that severe growth 
retardation would benefit. Birth usually coincides with the beginning of the 
season of lush food supply (C’h. 8) favorable for rapid growth and fattening, 
in preparation for future rigois. 

McCay’s results are, of course, extremely interesting from the viewpoint 
of the colloidal theory of aging, individual and species differences in the 
power to resume growth after severe retardation^ (Fig. 19.16), influence of 
environmental conditions on such survival, selective breeding of hardy stock, 
and related limiting problems in growth and senescence. 

“ See, for example, Osborne, T. H., and Mendel, L. B., “The re.sumption of growth 
after long continued failure to grow,” ./. liwl. Chem., 23, 4.39 (1915). 
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In summary, from the viewpoint of longevity, moderate rather than rapid 
growth, and in later life, a low-calorie, moderate-protein diet of good quality, 



Fiff 18 36a Age incidence of illness. “Based on records for 9000 families in 18 states 

visited periodically for 12 months, 1928-31.” Replotted for purpose of condensation, 
from charts by S. D. Collins in Public Health Reports for October 11, 1935, p. 1404. 
Incidence is in terms of annual cases per one hundred, that is in per cent per year. 1 ne 
curve on home accidents from R. H. Britten, J . Klebba, and D. E. Hailman, /a., p. 206 , 

Nov. 8, (1940). 
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with liberal vitamins, and minerals seems best. From the viewpoint of im- 
mediate gross efficiency of productive processes, however, such as from the 
viewpoint of milk, meat, or egg production, high feed consumption and rapid 
growth may be more desirable in order to save maintenance and other over- 
head expenses. 



Fig. 18.37. Survivorship curves of dairy cattle, plotted from data by Cannon and 
Hansen, Iowa Agr. Exp. Sta. Bull., 1939. Some old cows now living: the Guernsey 
cow Vestview Violette, 164104, now 21 years of age, gave birth to 15 ^ 

record of 16000 lb. milk or 655 lb. butterfat in a year; Mixter Golden Charm, 151o51, 
19 years, had 15 calves, record of 12000 lb. milk, 616 lb. butterfat (Gnernaey Breeder 8 J., 
p. 260, Feb. 15, (1942)). 

18.3: Criteria of aging and the prime of life. It is difficult to deceive an 
experienced horse trader concerning the age of a hoi’se. The same is true for 
other farm animals and indeed for humans. Skin, hair, eye, voice, the very 
movements of the body and of its parts bear witness to the passing of years, 
to chronological age. It is not, however, as easy to measure quantitatively 

For detailed reasons, for possible importance of increasing vitamin intake wUh 
increasing age see Ch. 6, especially the reference to Rhoads, C. P.; also framer, W., 
Bidl. New York Ac. Med., 17 , 3 (1941), and Jour. Am. A/ed. Assoc., 119 , 309 (1942). 
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physiologic or anatomic aging as it is to measure early growth with balance 
and tape. 

Each structure and function passes through a “prime-of-life” which joins 
the period of obvious growth with that of aging. Thus the percentage growth 
rate of the body as a whole is maximal or prime in the eai ly embryonic period 
(Figs. 16.2, 16.17, 16.18); the absolute growth rate is maximal during puberty 
(Figs. 16.8, 16.13) ; the minimal specific mortality or maximal vitality (recipro- 
cal of mortality) occurs shortly before puberty (Figs. 16.8, 18.22-3); the ab- 
solute size of the thymus (and other lymphatic tissue) occuis near puberty 
and rapidly declines thereafter ; maximal muscular power in man occiiis neat- 
age 20 years^® (Figs. 18.14-15); maximum potential reproductive activity 
in man is near 20 years and declines thereafter,®’ and so on. 

As previously noted, it is difficult to estimate the age of prime intellectual power 
because of the influence of many factors thereon. Lehman®" estimated that the prime 
intellectual power in man occurs at age 30 years, but qualified this by reporting that a 
third of the important contributions in chemistry were made after age 40 years, a fifth 
after age 50 years; literary masterpieces usually appear after 45 years. However, there 
is always a lag between the conception of an idea and its execution on one hand and its 
public appearance on the other. (See also Fig. 18.15a.) 

18.4: Quantitative analysis of aging data. The best quantitative measure 
of aging is decline in adjusting ability to emergencies (homeostasis, Ch. 10), 
and decline in the safety factore especially in cardio-respiratory reserve 
power (Sect. 24.5). The prize-fighter of 30 is likely to lose his championship 
to his 20-year-old rival because the reserve powem of a 30-year old are below 
those of a 20-year old. The greater the need for rapid adjustment (as in 
prize-fighting, rapid diving in airplane or submarine, undergoing violent 
bombardment, exposure in a life-boat in mid-ocean), the less successful the 
older individual (in comparison to that of a 20-year old), the more likely will 
he be to experience “black outs”, confusional states, and many functional dis- 
order, lumped together under the heading of “shock” and “nervous break- 
down.” This the Army knows, and the actual fighting in this violent, rapidly 

moving war is largely between youngstci-s. 

It is rather difficult to obtain strictly (piantitativc data on age changes in 
reserve power (homeostasis), although there are likely to be such data follow- 
ing tlie war’s end, as the various branches of the fighting force are working 
on methods for estimating such power in selectees for the services. In gen- 
eral, the older the individual the lower the stroke volume of the heart (com- 
pleteness of emptying of the ventricle per heart beat), therefore, the higher 
the pulse rate for a given exertion and less efficient the circulatory process. 
Moreover, the older the individual the lower the ceiling for the pulse rate, so 
that under conditions of stress circulation cannot keep up with the needs in 

“ Lehman, 11. C., “The most efficient years in sports,’’ Res. Quart. Am. /ls«. Health 

and Physical Education 9, 3 ^ 

»» Pearl R “The natural historv of populations, Acw York, 1939. 

«» Lehman;’H. C., Sci. Monthly, 43, 151 (1936), 46, 65 (1937); 69, 384 (1944). 
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the old as well as in the young. The young and old are equally comfortable — 
maintain equal homeostasis — at rest, but not above a certain work level. 
Fig. 18.3b shows the age decline in cardiac reserve power (see Ch. 24 for 
detailed discussion of this index of cardio-respiratory reserve). 

Attempts have also been made to measure reserve power in experimental 
animals by the ability to withstand poisons®^ and bleeding.®^ Sims®® reported 
that 825-day-old rats died with 12 per cent less hemorrhage than 100-day 
old rats; or in terms of probabilities of death, these are 16 times as great in 
825 as in 100-day old rats. 

The prime of life is not a point but a zone, the width of which varies with 
the particular index of aging employed. Fig. 18.3a illustrates the age changes 
in reaction speed to an electric shock®^ in rats, dependent on the function of 
many integrative and conducting devices. Egg production in fowls is in its 
prime during the first year (Fig. 18.11), but milk production in dairy cattle 
is not attained until the seventh j^ear (Fig. 18.16). 

Our basic problem is to describe quantitatively, mathematically, the de- 
cline in (reserve and homeostatic) power to w'itlistand unfavorable conditions. 

It is, of coui-se, clear that by the time an animal attains the upper limit of 
the species-life-span it has experienced many risks, some from the external 
environment (infections, etc.) and others “spontaneous” (as blood clots, 
erosions, etc.) which eliminated at various ages most of its fellow travellers 
on the life cruise. The probabilities of elimination of a given individual at a 
given age, on a given age curve of specific mortality depends, on at least three 
well-defined factois: (1) impact intensity of the injuring agent, (2) suscep- 
tibility or resistance of the individual to the injuring agent, and (3) induction 
period, that is, the time intervening between the initial injury and death. 
Thus production of fatal cancer by coal tar requires about a fourth of a life- 
time (about six months in a mouse and fifteen years in man). Many, if not 
all, deaths associated with aging are thus terminal stages of “remote causal 
factors”.®® The same may be said of other cancer deaths — whether initiated 
by estrogens, methylcholanthrene or by the Bittner®® factor. 

Such general considerations and the fact that resistance or reserve power 
declines wdth increasing age to all injurious agencies suggests the idea that 
specific mortality is likely to follow an exponential course \vith increasing age, 

Cameron, J. A., “Difference in resistance to CO asphy.xia,” J. Cell, and Comp. 
Physiol., 18, 379 (1941). 

Simms, H. S., Science, 91, 7 (1940); 96, 183 (1942). 

“ Brody, E. B., J. Gen. Physiol., 24, 433 (1941); Growth, 6, 179 (1942). 

Cramer, W., “The origin of cancer in man,” Jour. Am. Med. Assoc., 119, 309 (1942). 

The following papers indicate that breast cancer in adult mice is probably asso- 
ciated with the infantile nursing of cancerous mothers. Incidentally, breast cancer is 
absent in dairy cattle but frequent in humans and mice. Bittner, J. J., “Mammary 
tumor incidence in mice,” Science, 84, 162 (1936). “Breast cancer and mother’s milk, 

J. Heredity, 28, 363 (1937) ^Am.J. Cancer, 36, 44 (1939) ; J. Nat. Cancer Inst.,1, 155 (1940). 
“Possible methods of transmitting susceptibility to breast cancer in mice,’ Am. J. 
Cancer, 39, 104 (1941). Anderyont, H. H., and McEleney, W. J., “Influence of foster 
nursing on incidence of cancer in mice,” Public Health Repts., 64, 1597 (1939) and ./. 
Nat. Cancer Inst., 1, 147 (1940). Smith, J. L., “Growth,” Edinburgh, 1932. 
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that is, after passing the “prime of life” when mortality is minimum. This 
we®^ found to be the case for the specific mortality of man as well as for the 
fruit fly Drosophila. In brief, it appeal's that aging may be represented 

quantitatively by the same exponential or mass-action, or compound interest, 
equation 

Yx = (18.1) 


that we used for representing early growth (Ch. 16). If one prefere, the 
equation 

Y 2 = (18.2) 


may be employed to represent the course of “vitality”. Yi represents spe- 
cific mortality and Y 2 specific vitality, the reciprocal of mortality ; k represents 
the instantaneous mortality (or vitality) rate per unit time and at age t. 
The “vitality equation” (18.2), in the exponent k is negative, is more con- 
venient for representing the age course of decline in egg and milk production, 
and healing of wounds. 

When plotted on an arithmetic grid the slope of the curve represented by 
equation (18.1) increases exponentially and that of the curve represented by 
equation (18.2) decreases exponentially; when plotted on an arithlog grid, 
the slope, k, is constant, rising linearly in equation (18.1) and declining 
linearly in equation (18.2). Let us analyze actual aging data with the aid 
of these equations. 

18.4.1: Analyses of aging in the domestic fowl and in man. Three sets 
of data on aging are shown in Fig. 18.11 : upper left, age changes in egg pro- 
duction in Leghorn fowls;®® lower left, age changes in suitability of chicken 
serum as a nutrient medium for fibroblasts®® in vitro cultures; right, age 
changes in the index of healing of wounds (cicatrization) in man."^® 

Equation (18.2) fits all three sets of data satisfactorily. The values of k 
are given on the chart; they are 0.12, 0.18, and 0.03, meaning that the instan- 
taneous declines of egg production, duration of life of fibroblasts in chicken 
serum, and healing of wounds in man are, respectively, 12, 18, and 3 per cent 
per year. The rate of aging of the domestic fowl as measured by the decline 
of the ability of its serum to support life in fibroblasts is (3 times (= 0.18/0.03) 
that of man, as measured by the rate of healing of wounds. Is the potential 
span of life of man six times that of fowl? 

The fitted equation for the egg production curve, namely. 


Y = 179.2e-®-'2i 


Brody, S., “The kinetics of senescence/' J. Gen. Physiol., 6 , 245 (1924); Univ. Mo. 
Agr. Exp. Sta. Res. Bull., 105, 1927; Growth, 1, 60 (1937). 

** Brody, S., Henderson, E. W., and Kemjister, H. L., “Senescence of the domestic 
fowl,” J. Gen. Physiol, 6, 41 (1923). 

** Carrel, A,, and Ebeling, A. H., J . Exp. Med., 34, 399 (1921). Brody, S., J. Gen. 
Physiol, 6, 245 (1924). 

du Noiiy, P. L., J. Exp. Med., 24, 463 (1916). Brody, S., J. Gen. Physiol, 6, 245 
(1924). 
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means that egg production begins at the theoretically maximum value of 179.2 
eggs per year (that is, Y = 179.2 when t = 0), and since the decline in egg 
production is 12 per cent per year, the half value of A (179.2) is theoretically 


reached in 5.8 yeais; that is, d — 


ln2 0.693 


= 5.8 years (Sect. 16.3). 


k 0.12 

.\s previously noted, the age course of specific mortality probably reflects 
decreasing reserve to meet certain exigencies, such as attacks of pneumonia 
organisms. Does specific mortality follow an age course similar to that of 
healing of wounds? It should ; and it does as illustrated in Fig. 18.12 for man 
and in Fig. 18.13 for Drosophila, plotted respectively from census data^com- 
piled bv Dublin'* and from experimental results by Pearl and Parker.'- 

Thc .specific mortality data were plotted on arithlog grids. Their linear distribution 
means that the age coufse of specific mortality follows an exponential course, as repre- 
sented by equation (18.1 As before, k represents the instantaneous '•'erease per year 

whi!^ the mortality is doubled. Thus, the value of k for deaths from pneumonia is 
0.05, meaning that the specific mortality or specific probability 

increases at the instantaneous rate of 4 per cent per day, or that it is doubled approxi 

"'^EquaTion^ (18.1) ^used" for representing the course of aging as measured by the in- 
crease in specific mortality was recently employed by Simms‘S for the same purpose and 

'''The'SaluVSrA*for mortality from infectious diseases (such .as pneunionia) is of tlm 
order of 0.05; for cardiovascular-renal diseases it is more than double this value, 0.11^ 

.12, which means that the prevalence of circulatory diseases increases very much ^ 

ranidlv with increasing age. Death from pneumonia and similar infections occurs at 
aU^age^Si Ct of circulatory diseases (except of the infectious rheumatic-fever type) 

loids^and the clogging of the system with inert material. Likewise ^ ^ 
crease in cancer mortality, which has a value of k of 0.11, in the same class with circu- 
latory diseases (Fig 18 12) and the development of which involves a long induction 

The increase in mortality from infection and cancer is perhaps secondary to or dependent 
on th^d^ne in the circulatory system, which is the regulator of the internal environ- 

ment. 

18.4.2 : Relation between growth and aging as measured by the course of 
millr production and similar processes. The larger size associated with 
growth enables an animal to produce more milk, or to produce larger eg^, 
or to accomplish more muscular work, but the animal also ages during the 
growth process; the growth process is also a senescence process. The life 
course of a function, such as of milk production or muscular work, is conse- 
quently of a rising and declining pattern. The rising segment reflects the 
increase in body size as well as of functions during growth ; the dechmng, the 
aging process at constant body size. 

n Dublin L. I., “Mortality statistics of insured wage earners and t 

New York 1919. The data represent the general population 9*^^Rureau of’ the 

fhe expanding United States Registration Area 1910-15. See also U. S. Bureau of the 

.ludi» on the duration of life," dm. 

Nat., 66, 481 (1921). 
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Data arc available on a number of age functions which illustrate the rising 
and declining pattern. Examples are vital capacity (Fig. 18.14) muscular 
strength (tig. 18.15) and response to shock (Fig. 18.3a); but tlie most in- 
teresting agriculturally is the coui'se of milk production, both for the life 
coui'se (Fig. 18.16) and for the lactation period^^ (Figs. 18.17 and 18:25). 

The rise in milk production up to seven or eight veal's in dairy cattle paral- 
lels in shape, although it lags in time, the rise in body weight. This is illus- 
trated in Figs. 18.18 and 18.19. The age curve of milk production (up to 7 
yeai-s) reflects the increase in size of the biological plant which produces the 
milk. Following age eight years, the decline in milk production reflects the 
aging process uncomplicated by increase in size in tlie milk-forming plant. 

The life curve of milk production in Fig. 18.16 has this defect: the popu- 
lation has been rapidly decreasing with increasing age;'* the comparison is 
thus made between the productive levels of animals that survive up to rela- 
tively advanced ages with others that do not sur\'ive so long. Other age 
curves suffer from similar defects. There is no doubt, however, that this 
curve illustrates the general quantitative relation between growth and senes- 
cence (Fig. 18.35 represents the age curves of the same individuals). 

iVIore spectacular in some respects than tlie life curve of lactation (Fig. 
18.16) is the lactation-period curve of lactation, part of which is shown in Fig. 
18.17. Here is an illustration of a cyclic, revei'sible, senescence process. 
Normally each year the mammary gland of dairy cattle comes to life function- 
ally and, in many respects, structurally, and declines. 

Not only the mammary gland but many other parts normally go through an 
annual rejuvenating and senescence process. During the lactation period 
the cow is in negative balance with respect to many substances. The losses 
are regained during the rest period. 

The annual rejuvenation of the cow’s mammary apparatus recalls a picture 
of Child’s planarians (Fig. 18.20) which revert to the immature form on 
starvation. (See comments on McCay’s retardation experiments.) 

Returning to the aging of tlie lactation function, it appeai-s that the decline 
in milk production following the attainment of the maximum yield at the 
prime of life or the prime of the lactation period is exponential, as indicated 
by equation (18.2). This is illustrated in Fig. 18.21, showing the decline in 
milk yield with the advance of the lactation period in a series of dairy cattle 
and dairy goats.’® The lines represent the fit of equation (18.2) to the data. 

The breaks in some curves with the resulting B segments reflect the fact 
that the animals were bred early in the lactation period and were performing 
a dual function, lactation and gestation. The difference between lines A 
extrapolated and B represents the depressing influence of gestation on lactation. 


” Based on Missouri Res. Bull., 105 in which the history of thi.s problem is presented 
in detail. 

See Missouri Res. Bull. 90 for the original data, and number of animals for each 
age. See Fig. 18.37 for the age course of survivors in dairy cattle populations. 

Brody, S,, Mrs. Carl Sandburg and S. A. Asdell, Univ. Missouri Agr. Exp. Sta. 

Res. Bull., 291, 1938. 
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The values of the exponents represent the instantaneous declines in milk 
production per month. Thus the equation Y = 45.3 e represents the 
fact that milk yield declines at the instantaneous rate of 5.5 per cent per 
month ; or what is the same, the instantaneous persistency of milk production 
is 100 ^ 5.5 = 94.5 per cent per month— each month’s yield is 94.5 per cent 

of the preceding month’s yield. 

Note that the value of the exponent, k, for curve 6 is 0.17; for curve 1, 
0.053. This means that the rate of aging of the lactation function in cow 6 
is about three times that in cow 1. Obviously, these curves represent the 
aging of a special structure-function, not of the body as a whole, because cow 
6 could not be aging three times as rapidly as cow 1 . Different structures in 
the body age at different rates. 

Fig. 18.21 represents the declining segment of the lactation curve. Fig. 
18.17 represents the rising phase and its relation to the declining phase. 

An interesting feature in Fig. 18.17 is that the ming segment of the curve 
resembles the segment of the growth curve following the major inflection (Ch. 
16), and that it may be represented by the growth equation employed in 
Chapter 16 for representing that phase, namely (see Fig. 18.25) 

Y = A - Be-'“ ' (18.3) 

This equation was combined with equation (18.2) to obtain 

Y = (18.4) 

Equation (18.4) has the form of the expression employed by physical chem- 
ists for representing simultaneous consecutive reactions of the firet order, and 
no doubt simultaneous consecutive processes do take place. But in view of 
the complicated nature of lactation, it would be naive oversimplification to 
say that the processes are limited by two consecutive chemical reactions, 
although the concept of “master reaction’’ could permit one to say that the 
course of lactation may be limited by two relatively simple factors, one of 
which rises initially, representing the building up or growth phase, while the 
other declines, representing the aging or the senescence phase. We might 
interpret these age changes by referring to the changes in number and activity 
of the secreting cells and/or to changes in ovarian and pituitary activities. 
But for the present purposes it seems best to present the relationships between 
milk flow and time as frankly empirical equations in familiar form. 

Equation foim (18.4), representing the age course and the lactation-penod 
coui-se of milk production, may also be rationally employed for representing 
the age course of “vitality” defined by the reciprocal of specific mortality. 
The homeostatic mechanisms are weak during infancy and early childhood, 
attainiqg a maximum by puberty, then declining. One may, therefore, say 
that “vitality” increases during gro\vth and declines during aging, as reflected 
by the reciprocal of specific mortality with increasing age. Figs. 18.22 and 


AGING IN RELATION TO GROWTH AND EFFICIENCY 


705 


18.23 reproduce our early attempt to fit equation (18.4) to the reciprocals of 
specific mortality data. Fig. 18.24 represents the fit of equation (18.4) to 
data on basal-metabolism per scpiare meter of surface. Additional age curves 
for metabolism are given in Figs. 18.5 to 18.8. 

Both growth and aging tend to follow an exponential coui-se (Sect. 16.4). 
The central feature of an exponential coume is constant percentage change. 
The change may be positive, exemplified by accumulation at compound in- 
terest; it may be negative, exemplified by depreciation at constant percentage. 
Some criteria of aging, such as decline in egg production, exemplify the 
constant-percentage depreciation concept [equation (18.2)]; otheis, e.g., in- 
crease in specific mortality or early growth, exemplify the constant-percentage 
growth concept [equation (18.3)]; others, such as the increase in milk pro- 
duction in cattle from 2 to 7 yeais, e.xemplify cumulative increase at decreasing 
constant percentage rate, reflecting the later phase of growth ; still otheis ex- 
emplify a summation of two types of change [equation (18.4) and Fig. 18.16 
and 18.17]. 

18.6 : Summary and appendix. A critical examination of the aging prob- 
lem confirms Minot’s generalization that aging is associated with cessation 
of growth, or rather decline in growth rate, since the body is in a dynamic 
state’® and repair is a continuous process, so that the replacement type of 
growth continues until the end of life. Prolongation of the period of growth 
is thus likely to be associated with prolongation of the life span, with the 
prolongation of the mean pereistence of a cell or tissue. This may explain 
the greater longevity of the late-maturing species and perhaps of some in- 
dividuals within a species, as those of McCay’s rats that survived a pro- 
tracted period of retarded growth. 

It is assumed that the body tissues, which are colloids, set and age in the 
general manner of inorganic colloids or of protein in vitro, although the details 
are different because of the dynamic nature of the tissue. Accoiding to this 
assumption, the rate of aging may be controlled, within limits, by prolonging 
the growth period, by avoiding high levels of metabolic activity and toxic 
influences, and by keeping the colloidal structure sound by proper diet. The 
extent of such control depends on the species. Some bacteria may be kept 
alive very long by low temperature (which depresses the metabolism). This 
method applies, within narrower temperature limits, to insects and other 
cold-blooded animals and to warm-blooded hibernatois. Low temperature 
has the opposite, or metabolism-stimulating effect on warm-blooded, non- 
hibernating animals. The same is true of the prolongation of the growth 
period (that is, maintenance of new tissue). Ihe life of a flat worm (pla- 
narian) was increased tsventy-fold by compelling it to produce new tissue as 
result of periodic starvation and realimentation, and of an amoeba as result 
of periodic removal of a part of its body. The maximum life span of rats 

Schoenheimer, R., “Dynamic state of body constituents,” 1942. 
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has been extended by growth retardation, by caloric (but not vitamin, min- 
eral, or protein) undernutrition. These methods may not, however, be prac- 
tical for prolonging the average life span because even caloric undernutrition 
reduces general vitality (in part by encroaching on the body protein which is 
used as fuel) so that only the few escaping death by the retardation process 
are benefited. The remedy may be worse, for most individuals, than the 
disease. This method is, of course, inapplicable to farm animals kept for 
high productive levels involving high metabolic rates. 

Charts and mathematical equations, so-called “laws”, are presented tor the 
time relations of aging in man, fruit fly, fowl, and dairy cow. The central 
mathematical feature of the aging process following the prime of life is that it 
tends to be exponential; that mortality probabilities, for example, increase 
in a geometric ratio, according to the “ma.s.s law”. Thus while the specific 
mortality in an adolescent human is about one in 800 — a mortality rate which 
if continued through life would give a life e.xpcctancy of 600 years — the 
mortality rises (beginning with puberty) exponentially with increasing age 
at the rate of about 11 per cent per year for the degenerative diseases, such 
as vascular diseases and cancer, and at about 5 per cent for infectious diseases, 
so that the actual expectation of life is nearer 60 than 600 years. 

A notable feature of some of these aging curves is that their slopes are, within 
limits, under control. Thus the average human life span has been rapidly 
increasing by better control of infections, diet, work and other conditions 


discussed in the text. Thus the mean life expectancy at birth in the United 
States was 36 years in 1800, 40 yeare in 1850, 50 5 Tars in 1900, 55 years in 
1920, 60 years in 1930, and 64 yeais today. The average expectation of life 
at birth in Western Europe has increased from 20 years in the 16th century 
to 25 years in the 17th century, 32 years in the 18th century, 40 years in the 
19th century, 49 years in 1900, 59 yeais in 1925, and near 62 years in 1938. 

While, however, more people live to be old, the ma.ximum life span has not 
been increased. Aging and death are the most certain characteristics of life, 
characteristics not without their advantages: 


“In a world of great complexity, the attention of man is turned with relief to the 
more determinate limits of life. . . . The very definiteness of such points heightens the 
sense of reality. Death in particular is characterized by a finality which seems decisive. 
But death is only the end point in a long chain of events, and biologically it may be best 
understood in terms of the antecedent physicochemical processes.*’ 


The following numerical illustration of the equations and charts is pre- 
sented for readers who feel more at home with original numerical values than 

Avith generalizing equations and curves. 

The first table is a compilation of basal metabolism data at various ages 
obtained on “professoi's” and other persons well known to students of metab- 
olism, and this table is, therefore, likely to have a personal interest to many 
readers beyond theoretical implications. 

” Cohn, A. E,, and Murray, H. A. Jr., ‘‘Physiological ontogeny/* Quart. Rev. Biol., 

2 , 469 ( 1927 ). 
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Basal Metabolism of “Professors” and Other Well-Known Persons 


! 


Basal metabolism, Cal. per 24 

1 

\ 


! 

“Professor" i 

Ages ' 
(years) 


hours per 

\ 

Weight 

(kg) 

Height 

(cm) 

Pulse per 
min 

\ 

j 

person 

sq. meter | 

kg : 

\ 


Magnus-Levy"’^ .| 

1 

, 

26 ; 

IGOS 

914 

23.8 ’ 

68 

167 

50{?) 

76 

1248 

756 

20.9 

1 

60 1 

165.5 

40 

Zuntz'^ 

41 


804 

17.3 1 

66 

1 


— 


68 

■■■ 

792 , 

16.8 

69 1 

— 

1 

1 


70 

— 

725 ‘ 

15.9 , 

59 

1 


1 

Lusk^® { 

44 

1970 

1027 

25.9 

76 ‘ 

175.6 

— 

1 

> 

58 . 

1522 

785 , 

19.5 , 

t 

f 

78 

1 


Renodiet'*’ 

3S 

1837 

900 

22.1 

83 

183 

68 


48 

1600 

8(M) 

20.4 ' 

80 ’ 

4 4 

1 

1 60 


58 

1563 

785 1 

i 20.4 1 

77 

44 

56 

])u Hois'*®--^ 

! 30 1 

1862 : 

974 

25.2 , 

74 

1 178.5 



; 41 1 

I oS I 

1700 

1 

881 

' 828 

22.7 ; 

1 1 

' Ti 

/D 

1 

1 4 

T- 

('nrpoiRor^' 

I 

3 1 

1367 

S9t) 

27. K 

49 ^ 

1 ' 

655 

73 

I 42 

1181 

7S2 

: 24.6 

: 48 

4 4 

65 


49 

1070 

695 

1 

21.4 

i 50 

1 

1 4 

64 

H. M. Smith^' 

i 43 

1334 

1 

' 758 

■ 22.6 

1 

1 59 

181 

55 

48 i 

1383 

777 

22.8 

61 

1 i 

64 


; 59 

1376 

760 

22.0 

i 63 

1 

( i 

70 

Miss W 

24.5 

1302 

824 

1 23.0 

m •m 

a< 

161 

64 

30.5 

1376 

844 

22.8 

61 

« 4 

62 


I ^ i 

1258 

, 772 

1 21.0 

1 

60 

1 

1 

4 4 

48 


The following table, averaged from Lewis , *2 represents averages of about ten different 
persons for each age class (see also h igs. 18.5 and 18.G). 


I 


Age 

(years) 

Cal. per 24 hours per: 

1 

person 

sq. meter 


40-44 

1624 

893 


45-49 

1561 

8.54 


50-54 

1535 

864 1 


55-59 

1469 

790 ! 


60-64 

1485 

826 i 


65-69 , 

1542 

; 871 

1 

70-74 

1441 

826 

1 1 

1 

75-79 

1459 

826 

1 

1 

80-84 

1386 

! 809 

1 

i 

85-89 

1314 

1 802 

1 

90-101 

1207 

1 1 

1 715 

1 




kg 

Weight 

(kg) 

Height 

(cm) 

23.3 

70.7 

172.4 

23.1 

! 65.4 

174.4 

23.1 

67.4 

171.2 

20.4 

72.3 

1 175.0 

21.8 

69.1 

I 172.1 

23.5 

66.9 

171.1 

21.8 

70.0 

167.2 

21.2 

68.9 

167.1 

22.1 

63.2 ' 

167.7 

1 

23.2 

57.0 

166.2 

20.4 

60.0 

170.6 


MnLmiis-Levv A J A. .V. A .. 118, 1369 (1942). 

” Zuntz N , und Loewy. A.. Berl. Klin. Wochnschr., 63. 825 (1916), and Bioc. Z., 90 , 

G., and Du Bois, E. F., Fliysiol., 69 . 213 (1924). 

»> Benedict, F. G., Am. J. Fhysiul., 86 , 650 (1928). 

« ES W- H., Jr., Am. J. Physiol., 121, 502 (1938). 
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The following basal metabolism values on Japanese are from Kise & Ochin” (con- 
verted by the author to a 24-hour basis). 


Age 

(years) 

Basal metabolism 

Cal/sq. meter/day 

Men 

Women 

20-50 

895 

811 

50-59 

865 

816 

60-69 

838 

796 

70-79 

796 

766 

80+ 

769 

730 


The following smoothed basal metabolism “standards” are from Boothby*^ and asso- 
ciates (converted to a 24-hour basis by the author). 


Age 

(years) 

Basal metabolism 

Cal/sq. meter/day 

Male 

Female 

6 

1278 

1217 

8 

1245 

1102 

10 

1160 

1102 

12 

1127 

1056 

14 

1117 

1009 

16 

1106 

950 

18 

1079 

896 

20 

1020 

882 

25 

980 

866 

30 

960 

848 

40 

911 

849 

50 

885 

814 

60 

845 

832 


Kise, Y., and Ochin, T., J. Lab. and Clin. Med., 19, 1073 (1934). 

Boothby, W. M., Berkson, J., and Dunn, H. L., Am. J. Physiol., 116, 468 (1936). 
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The following set of metabolic data on individual old women (and five men) is the most 
complete available and indicates the order of variability and apparent lack of correla- 
tion between metabolism, pulse rate, vigor, and other physiologic “constants", (’om- 
piled from Benedict, F. G., and Meyer, M. H., Am. Phil. Soc., 71, 143 (1932), and New 
mgL J, Med., 212 , 1111 (1935). See also Fig. 18.3b. 


Age 

(years) 

Heat production, Cal/24 hrs. 

Pulse 

rate 

Blood pressure, mm. 

1 ■ 

1 Weight 
(kg) 

1 

1 

1 

1 

Height 

(cm) 

"Vigor'* 

per sq. 
meter 

per kg. 

total 

Systolic 

Diastolic 

66 

621 

19 

931 

63 

154 

84 

j 50 

159 

A 

68 

800 

19 

1359 

72 

194 

102 

71 

154 

C 

70 

810 

19 

1401 

75 

178 

no 

72 

157 

H 

70 

762 

21 

1112 

80 

230 

120 

52 

150 

C 

71 

858 

21 

1501 

80 

170 

90 

72 

159 

C 

71 

714 

18 

1140 

72 

160 

100 

64 

153 

B 

71 

752 

20 

1323 

69 

182 

120 

67 

168 

B 

71 

726 

21 

1096 

71 

210 

no 

53 

156 

A 

73 

799 

21 

1318 

58 

170 

85 

64 

157 

1 C 

74 

715 

18 

1122 

76 

194 

100 

63 

149 

c 

74 

654 

21 

936 

65 

170 

90 

45 

159 

A 

76 

803 

23 

1148 

68 

182 

82 

49 

152 

B 

77 

713 

25 

799 

60 

172 

84 

32 

138 

A+ 

78 

749 

23 

973 

65 

150 

100 

42 

145 

C 

79 

636 

15 

1049 

70 

i 160 

100 

69 

1 

151 

c 

81 

723 

24 

961 

72 

180 

130 

41 

152 

A 

81 

647 

16 

, 1035 

56 

160 

80 

67 

147 

A+ 

84 

720 

20 

; 1015 

64 

170 

90 

50 

146 

A 

84 

741 

24 

1045 

74 

200 

70 

44 

158 

B 

84 

811 

24 

1070 

74 

150 

90 

45 

144 

C 

84 

705 

21 

973 

67 

180 

120 

45 

151 

A 

84 

619 

15 

966 

73 

164 

100 

63 

147 

E 

86 

693 

19 

1026 

78 

142 

64 

54 

150 

A 

69 

709 

21 

1042 

67 



50 

156 

B- 

72 

815 

19 

1549 

64 



81 

167 

C 

72 

680 

22 

966 

55 



44 

160 

C 

73 

649 

17 

1077 

63 



62 

162 

B 

75 

813 

23 

1292 

56 



55 

164 

B 

75 

744 

19 

1265 

56 



68 

159 

B-f 

79 

727 

25 

938 

71 



38 

153 

B- 

80 

805 

20 

1223 

55 



62 

144 

A 

86 

676 

22 

980 

55 



44 

164 

B 

88 

630 

18 

938 

57 



53 

153 

D 





and 6 old men 





74 

776 

20 

1466 

48 



74 

175 

A 

74 

730 

20 

1271 

54 



65 

168 1 

C 

82 

866 

22 

1688 

36 



79 

176 1 

1 

D 

87 

796 

22 

1362 

50 



63 

167 

C 

87 

572 

17 

910 

44 



52 

164 

A 
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The following table represents the age changes in blood pressure in man [after Master, 
Clarks, and Dock, J. A. M. A., 121, 1251 (1943)], 


Percentage Hypertension at Ages on Top Row 


Age 

40-49 

50-59 

60-69 

70-79 

80-89 

90-99 

Blood pressure 
(mm) 

c? 

9 

& 

9 

& 

9 

& 


9 

c? 

9 

cf 

9 

1 

140/90 or over .... 

33.6 

39.2 

49.2 

64.8 

66.5 

77.9 

77 

.1 

81.7 

71,7 

84.7 

87.0 

81.1 

150/90 or over .... 

25,9 

32.0 

40.6 

53.4 

56.3 

67.7 

65 

.5 

73.3 

66.5 

76.6 

78.3 

73.3 

150/95 or over .... 

16.9 

23.6 

32.8 

46.6 

51.0 

64.51 

61 

.8 

70.2 

63.3; 

74.3 

73.9 

70.3 

150/100 or over. . . 

15.4 

22.7 

31.7 

45.5 

50.4 

64.0; 

61 

.3 

69.5 

63.3; 

1 

74.3 

73.9 

70.3 


The apparent average blood pressure values for each age vary with the methods 
employed and with the thickness of the arm measured. Sailer’s data indicate relatively 
higher values than those usually employed by insurance companies. 


Sailer, K. 

Z. ges. exp. Med. 58, 683 (1928) 


U. S. Insurance Company Standards 


Age 

Blood pressure, mm j 

■ 1 

Age 

Blood pressure, mm 

(yrs.) 

Males 

Females 

(yrs.) 

21-35 

144/98 

138/99 

20 

120/79 

35-47 

154/96 ! 

155/100 

30 

122/81 

W A 1 

48-53 

154/97 1 

190/100 

40 

125/83 

54-59 

1 59/97 ' 

196/104 

50 

129/85 

60-67 

05-69 

173/93 
j 186/86 

216/102 

222/ 1 1 2 

60 

1 35/87 


Illustration of the decline in egg production and in bird population with increasing 
age of domestic fowls, actual data. In the equations fitted to these data Y represents 
yearly egg productions (from Nov. 1 to Nov. 1) for age in years, t. Thus for the first 
equation the egg production began at the theoretical rate of 179 eggs and declined at 
the differential rate of 12% per year. 


Age 

(years) 

Light breed** 
(S.C.W.L.) 

Light breed** 
(S.C.W.L.) 

Heavy breeds** 
(B.P.R.. R.I.R., & W.W.) 

Av. of the same 450 
S.C.W.L. birds 

i> U V • i 

to 

, No. 

Eggs 

%of 

No. 

Eggs 

%of 

' No. 

Eggs 

%of 

Eggs per 

% of 1st 

Nov. 1 

birds 

per yr. 

1st yr. 

birds 

per yr. 

1st yr. 

birds 

per yr. 

Istyr. 

yr- 

yr- 

1 

222 

158 

100 

1867 

169 

100 

372 

, 192 

100 

157 

100 

2 

H 

140 

89 

ii 

146 

86 

ii 

’ 138 

72 

141 

90 

3 

a 

124 

78 

< i 

124 

77 

132 

1 110 

57 

130 ; 

83 

4 

a 

110 

70 

957 

109 

64 

42 

j 91 

48 

118 

75 

5 

193 

95 

60 

450 

95 

57 

14 

85 

44 

97 

62 

6 

28 

89 

56 

232 

86 

51 

7 

64 

33 



7 

27 

71 

45 

152 

66 

39 






8 

6 

63 

40 

80 

67 ; 

1 

40 ! 



1 



9 




48 

51 

30 






10 




23 

41 

24 






11 




5 

46 

27 







Y 

= 179e’°-'2 

Y 

= 193e 

-0.14 

1 



Y - 

172e-o.o» 


« Hall, G. 0., and Marble, D. R., Poultry Sci., 10, 194 (1931). 
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Usually the higher the egg production during the first year the lower the life span, or 
the lowest first year production goes with longest life and highest life-time production, 
us indicated by the following data®^ on S.C.W.L. birds. The equation relating egg 
production, 1', with life span, is F = 179c® 


Egg production , first year . 

169 

160 

158 

156 

152 

145 

142 

141 

118 

Average life span, years. . 

3 

4 

5 

6 

7 

8 

9 

10 

II 

Number birds surviving. . 

1 

1867 

957 

450 

232 

152 

80 

48 

23 

5 


The egg production in one group of fowls is given by the equation 

E = 179c--*2* 


which means that the egg production begins at a level of about 179 eggs per year, and 
declines at the instantaneous rate of about 12% per year. This equation may be em- 
ployed for evaluating the potential or limiting number of eggs a fowl can produce by 
integrating the equation between age one-half year when egg laying begins and infinity: 




Ae = — [c'^'lf 

k 


17(1 0.12 

- - c 2 = 1370 

0.12 


It thus seems that if egg laying were to continue indefinitely, tlie total number of 
eggs laid by the average fowl of'the group would be 1370, less than the number of oocytes 
in the fowl. It, therefore, appears that it is not the number of oocytes in the hen that 
limits the course of egg production, but the aging of some limiting organ or organs. 

Similarly the limiting value for milk production during the declining phase of a lacta- 
tion cycle is given by integration of the equation: 

Y = Ae-^^ 


Integrating between zero and infinity, yields the ratio in which .4 is the initial level 

of milk production, and k is the differential decline of production per month. In case 
of the farrow group of cows in Fig. 18.21, k = 0.055; A =__1170 pounds milk per month. 

Hence, the limiting milk yield for a lactation period is = 21,300 pounds, which is a 


little over twice the milk yield for the first year, about 10,000 pounds. 

The above train of reasoning was used for deducting*® several important relations, 
for example the ratio of milk yield during a lactation period to the initial lactation level, 
A, and to the decline in productivity, k, with the advancing period of lactation. 

Because of the voluminous body of data on milk yield (of the 25.5 million dairy cows 
in the U. S. A. the milk records of i million per year are made publicly pailable by 
courtesy of the breed associations and Dairy Herd Improvement Associations) and 
enormous differences in the absolute level of production, it is customary to present the 
age-change data in terms of age changes in the factors required for converting the milk 
yield at any age to the mature equivalent at 6 to 8 years as indicated by the following 
values based on a recent compilation of Dairy Herd Improvement Association data by 
the U.S.D.A., B.D.I., and State Agr. Exp. Stations. 


Age at freshening, yr. . 

2- 

; 21- 

3 - 

1 

3i- 

! 4- 

: 41- 

1 

5 - 

6 - 

7 - 

8- 

Factor for convert- 
ing to mature ; 
equivalent 

1.29 

1.21 

1.15 

1.10 

1.06 

1 

1 

1 

1 

1.04 

1 

1.01 1 

1.00 : 

1.00 

1,02 


Age of freshening, yr 

9 - 

10 - 

1 

11 - 

! 12 - 

1 

1 

13 - 

14 - 

15 - 

1 

16 - 

Factor for converting to 
mature equivalent — 

1 

1.03 : 

1 

1.05 

1.08 

1 

1 

1.10 

1.12 

/ 

1.15 

1 

1.17 

1.20 


In other words, a 2-year animal produces about 29% below that of a mature (6 to 8 
years) animal. Actually, individuals differ in their rate of change with age, and condi- 
tions of management (feed supply, frequency of milking, etc.) influence these values 
enormously (Figs. 18.31 to 18,35). Many tables on milk production as functions of 
age and of stage of lactation are given in Missouri Res. Bulletin 96. 


” Univ. Mo, Agr. Exp. Sta. Res. Bull., 105, pp. 48-51. 













Chapter 19 


Physiologic Time and Equivalence of Age 

For a being to exist is to change. Henri Bergson^ (philosopher) 

True age depends on progressive changes of the tissues . . . some remain 

young for many years . . . others wear out early in life. Alexis Carrel^ 
(physiologist) 

What am I to be tonight — 90 or 40? Time is merely an accommodation 
to me. Ethel Barrymore (actress) 


19.1: Physical versus physiological clocks. Physical time is measured by 
clocks in the manner that space is measured by rods. Both are empirical or 
arbitrary : the meter is the distance between two marks on a standard plati- 
num-iridium bar; the day is the time taken by the hand of a standard clock 
to move a given distance on its dial. The meter is supposed to represent a 
certain distance on the earth; the clock mechanism is adjusted so that its 
hands match the rate of diurnal motion of the earth around its axis. Time is 
thus not a “cause” of change, but a frame of reference for change. Time does 
not change us but we change in time. “Time is the stream I go fishing in” 
(H. D. Thoreau). 

Physical lime, measured by the rotation of the earth around its axis, is 
assumed to flow uniformly just as the standard meter stick is assumed to 
maintain a constant length. There is no satisfactory method for checking 
these assumptions. 

Physiologic iime, measured by the rate of change in the organism, is, on the 
contrary, variable. If the life span is 90 days in Drosophila and 90 years in 
Homo, we may say that the physiologic clock of the fly runs about 365 times 
as rapidly as that of man. Similarly, different individuals of the same species 
and different tissues in the same individual change at different rates, that is, 
have different physiologic time or age scales. This concept is generally recog- 
nized as indicated by such expressions as^ dental age (age of appearance of 

' Bergson, H., “Creative Evolution, “ 1906. 

2 Carrel, A., and duNouy, P. L., “On healing of wounds,*' J. Exp. Med., 24,451 and461, 
(1916) ; 26. 721 (1917) ; 29, 392 (1919) ; Carrel, Ebeling, A. H., et at., “Age and multiplica- 
tion of fibroblasts,” Id., 34 . 599 (1921), 35 , 657 (1922). Carrel, A., “Physiological time,” 
Science, 74 , 618 (1931); “The new cytology,” Id., 73 , 297 (1931); “^n the unknown,” 
Harpers, New York, 1935. Y 

. ® For “pubertal age” (appearance of pubic hair) see W. C. Crampton, Am. Phys. 

' Educ. Rev., 13, 144 and 268 (1908); B. T. Baldwin, U. S. Bur. Ed. Bull., 10, 1914; Suttle- 
Iworth, F. K., “Sexual maturation and growth in girls,” Monographs of the Soc, Res. 
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permanent teeth), anatomic age (age of ossification of the caipals and epi- 
physes), developmental age, mental age, pedagogic age, social age, and so on. 
Other indices of aging may be employed as age changes in the rates of : visual 
accommodation, chronaxy (response to nervous stimuli), oxygen consump- 
tion (metabolism), healing of wounds, growth of tissue in vitro in blood serum 
from different individuals, nutritional processes (digestion, assimilation, 
excretion), mortality (changes in ability to withstand a “dose” of an un- 
favorable condition ranging from an attack of “cold” to removal of a given 



Fig 19 1 An illustration of the use of several types of physiological ages (mental 
age, bone age, height age, developmental ago, chronological age) for describing the 
growth of hypothyroid children, and of the influence of thyroid and of pituitary-extract 
administration on these ages. From L. Wilkins W. I-leischmann and Black, ./. 
Clinical Endocrinology, 1. No. 1, p. 3 (1941) published by C. C. Thomas, bpringfield, 

Illinois. 

percentage of blood), milk production, egg production, muscular work, 
forgetting, learning, and so on. 

The physiologic time scale changes wth age, with the amount of “personal 
history” lived, or with the number of physiologic events packed in a day. To 
the rapidly changing child a year is a long time, to the fossilized adult, it is 

a short time. To quote Carrel A 

Child Development, 3. (^8). For social and clevciopmental ago as judged 
by play preferences, reaction to authority, etc., see U. A. Fiirfey , Lduc. Res. ull., 2, 
1925 Catholic Educ. Press. Washington, D. C. For evaluation of aging in man after 
agok years see T. W. Todd, Science, 82, 181 (1935) (by the rarefactions in the skeleton 

observed by transillumination of the shoulder blades). 

* Carrel 1935. 
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£ AjH?of R?malc»Rat(Unmated) 

MosO (Ql 23456789 



kQQ of J(?PS2yC0W 


Fig. 19.2. Growth-equivalence of 
Jersey cow (Eckles) and unmated 
female white rat (Donaldson). 
After age 1 month in the rat is 
equivalent to 11.9 months in the 
cow, and 1 gm. of weight in the rat 
is equivalent to 2.068 kilos in the 
cow. The period of growth pre- 
preceding the inflection is rela- 
tively longer in the rat than in the 
cow. (See Table 16.1 for values 
of k and i*.) 


\ 





Fig. 19.3. Growth-equivalence of cow (Eckles) and guinea pig (Wright). One month 

in the_ guinea pig is equivalent to 4.26 months in the cow and 1 gm. in the guinea pig 
is equivalent to 509.1 gm. in the cow. Unlike in the rat, growth in the guinea pig appears 
to follow the same course as growth in the cow from conception. 
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Age of Sbiop m. monthfl 



Ag? of ln.yed.ps 

Fig. 19.4. Growth eriuivaleiicc (following tho major inflection) in man and sheep (of 
approximately tlio same mature weight . A). Man and sheep follow the same negatively 
exponential course following pul>erty, but the sheep is virtually devoid of the juvenile 
growth segment which is so characteristic of man. See also Fig. 16.7. 



Fig 19 5 Growth equivalence between man, white rat, and Jersey cow. The rat 
has a relatively somewhat longer juvenile and infantile period than the cow and man 
has a very much longer juvenile period than either rat or cow. See Figs. 16.7 and 19.4. 
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Fig, 19.6. Equivalence curve for 
rat and man based on the assump- 
tion that the course of growth be- 
tween conception and “maturity” 
(when body weight attains 98 per 
cent of the mature weight, A) is 
the same in the two species. This 
assumption is obviously not in 
harmony with the facts, and this 
method is, therefore, not appli- 
cable for estimating equivalence of 
physiological age between man and 
other species. 
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Fig. 19.7. Growth equivalence (fol- 
lowing t*) of Jersey cow and female 
white mouse. One month in the 
mouse is equivalent to 15.29 months 
in the qow. The segment preceding 
t is longer in the mouse than in the 
cow. 
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Fig. 19.8. Growth-equivalence for three breeds of dairy cattle plotted on the equiva- 
lent-time scale k(t - I*). C represents conception and B, birth. See Table 16.1 for 
the numerical values of k and t*. 
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Fig. 19.9. Growth equivalence for male and female white mice plotted on the equiva 
lent-tl^e grid {k(t — t*). 
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.... Pliysiological time ... is different for each period of 

s ream ToJ«H .V' ‘r life, man briskly runs . . . faster than the 

night falls . . . man drops far behind. Then he stops . . . and the river continues S 

Anything which accelerates the rate of living accelerates the physiological- 
time clock so that, by comparison, the physical time clock appears to be 
letarded. Thus when body temperature is increased by fever, spontaneous® 
01 induced,® time seems to pass more slowly because the body clock runs 
faster by comparison. The estimation of the flow of time (e.y., counting 60 
at the rate believed to be 1 per second and recording the time by a stopwatch). 




OZ 0Z> Ob .06.1 





90 '\C\ 


Cone 



Fig. 19.10. This chart, showing the relation hetween the numerical value k and age 
at which a given fraction of the mature weight is reached, supplements Tabic 19.3. To 
illustrate the use of this chart, if the value of k is .23 (this is the value of k for the guinea 
pig), the chart shows that the animal reaches 99 per cent maturity (99 per cent A) at 
22 months; 80 per cent A, at 9 months (from conception), and so on. 


when plotted against body temperature, gives a slope in agreement with the 
vanT Hoff-Arrhenius equation (Ch. 11). 

Some drugs affect the psychological-time scale. Thus at a certain stage 
in marihuana intoxication one^s notion of time undergoes a change. The 
flow of time “appears infinitely slow, owing to the number and variety of 
impressions which rapidly enter the mind, and, since time is measured only 

* Hoagland, H., “The physiological control of judgement of duration,'' J . Gen. Psy- 
chol., 9, 267 (1933). Hoagland, H., and Perkins, C. R., “Some temperature character- 
istics in man," J. Gen. Physiol., 18, 399 (1934-5). 

* Francois, Marcel, “Sur I’influence de la temperature interne sur notre appreciation 

du temps," C. R. Soc. Biol., 98, 152 (1928). Barcroft, J., “The Brain and Its Environ- 
ment," Yale Press, 1938. ' 
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by the memory of them, it seems iiiliihlely The distorted time scale 

in dreams offei-s similar illustration. The “relaxing” influence of alcohol 
may also be associated, in part, with a change in physiologic-time scale. 

Changing environmental temperature changes the pliysiologic-time clock 
in cold-blooded animals in accordance with the van’t Hoff- Arrhenius rule. 
The rates of feeding, growth, senescence, duration of life,^ and energy metab- 
olism in insects and other cold-blooded animals vary with temperature in 
accordance with this rule (Fig. 11.1 and Sect. 11.3). 



ot' Jep9?yCcw 

MosO \0 20 30 40 50 60 70 6090 



Ago of rcrnaloEatlUnmatcd) 

Fig. 19.11. Growth equivalence of cow and rat based on the assumption that the 
age when 98 per cent mature weight, A, is reached i.s equivalent in the two species (com- 
pare to Fig. 19.6). 


Among the other po.ssible controls of flow of physiologic time are thyroid- 
ectomy and thyroxine administration (Fig. 19.1), hypophysectomy, sickness, 
exercise, food supply (Figs. 19.10 to 19.20, and 10.30 to 10.38). 

Different individuals and different organs of the same individual grow, 
mature, and age at different rates. Most biologic research (nutritional, 


^ Adams, 11., “Marihuana,*' Science, 92, 115 (1940). r r i • 

® Loeb J. and Northrop, J. H., “Is there a temperature coeflicient for the duration 

of life?", Proc. Nat. Acad, Sci., 2, 456 (1916), and 3, 382 (1917); J . Biol. Chem., 32, 10 
(1917), Loeb, J., Sci. Monikhj, 9, 578 (1919) : ,n on <>. .n 

Temperaturo (°C). ?? ^ ^ 

Duration of life in />ro<jop^t/o, days ^^8 124 64 39 21 
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endocrinal, medical, agncultural) is indeed concerned, directly or indirectly, 

with the mechanisms of these rate differences, so engrossing personally, 

fascinating scientfically, and practical agriculturally. Our ability to control 

these rates of growth, senescence, and so on, must necessarily await our 
understanding of underlying mechanisms. 

This discussion of relativity of physiologic time raises questions concerning 
methods for evaluating age equivalence, which we discuss next. 


Pneumonia 5 » w 40 60 ao loo 

f I T I r — I — — I — t 



ledneu^Rclatal h 
Excprtorg Organs 
Cancep B 



1 2 3 4 5 

scale 

different^dfseases*'''^^^"*^'^ between human age curves of specific mortality due to 


19.2: Post-pubertal equivalence in weight growth.^ As previously ex- 
plained (Sect. 16.5), following the major (pubertal) inflection, the growth 
velocity , dW /dt, declines at a constant relative rate, h, with respect to growth 
yet to be made, A - w, as indicated by the differential equation 


dW/dt = k(A -W) 


(16.9) 


® Brod 


„o^, s., ‘‘Relativity of phy^ologic time,” Growth, 1, 60 (1937). Brody, S., Spar- 
row C. D. and Kibler, H. H., ‘‘Equivalence of age,” J. Gen. Physiol., 9, 285 (1926). 
Brody, S., Univ. Mo. Agr. E.xp. Sta. Res. Bull., 102, 1927. 
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or by the integral equation 

ir = A - fie-*' 


( 10 . 12 ) 


or by the equation 



(16.14) 


in which W is the size or weight of the organism (or population) at age 
<; <* is the age at which the extrapolated post-pubertal curve cuts the age 
axis. A is mature weight; {t-l*) is, of course, age counted from t*, and 
W/A is the fraction of mature weight attained at the age i (Ch. 16). 



Fig. 19.16. The suppression and resumption of growtli— that is of flow of growth time 
—in one rat by dietary manipulation, with a comparison to normally-fed rats. The 
charts were prepared from data furnished by Dr. T. B. Osborne in 1928. bee also 
Osborne. T. B., and Mendel, L. B., The suppression of growth and the capacity to grow. 
J. Biol. Chem., 18, 95, (1914). The resumption of growth after long continued failure to 

grow. W., 23, 439 (1915). 


These equations furnish a precise method for computing equivalent time 

changes if the changes are exponential. 

The speed of approach to the limiting or mature weight, A, is directly 
proportional to the numerical value of the relative growth rate, k, and the 
relative chronological durations of physiologically equivalent time intervals 
are, therefore, inversely proportional to the numerical values of the k’s. 
Thus from Table 16.1, the numerical value of lOOA: of the Jersey cow is 5.4 
and of the female white rat, 64.4; one month in the rat is, therefore, physio- 

64 4 

logically equivalent to 1 X -^r = 1 ^ -9 months in the cow ; or one month m 


5.4 


the cow Is physiologically equivalent to 1 X 


64.4 

5.4 


= 0.08 month in the rat. 
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This does not mean, however, that a 1 -month rat is physiologically as old 
as an 11.9-months old cow, because the post-pubertal equivalence scales may 
differ from the pre-pubertal. 

As a matter of fact, the former differ from the latter for the cow and rat 
(Fig. 19.2), but are the same for the cow and guinea pig (Fig. 19.3). The 
rat, but not the guinea pig, has a relatively longer pre-pubertal growth seg- 

Age k\ Montlns 



C B 2 4. 6 Hosfeins 



Scale 


Fig. 10.17. The influence of the nature of the food supply on the relative flow of growth 
age in rats. While the mature weight was approached at the same rate in Hoskin's 
and in Osborne and Mendel’s rats, the mature weight of Hoskin’s rats (fed ductless 
glands) was 230 grams, and Osborne and Mendel’s 430 grams. Sherman's rats W’eighed 
330 grams at maturity. Dr. Osborne furnished the original data for the Osborne- 
Mendel curves. See the bibliograph in Univ. Missouri Res. Bull. 96, for the original 
papers for the other data. 


ment than the cow. Man has a pre-pubertal segment which is relatively 
still longer, so that if the age curves of man and other species are made to 
coincide post-pubertally they do not coincide pre-pubertally, as indicated by 
Figs 16.7, 19.4, 19.5, and 19.6. 

This means that conception cannot be taken as a point of reference in 
preparing post-pubertal equivalence charts. Instead, we take for the 
point of reference the age, t*, when the curve of equation (16.12) cuts the age 
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Fig. 19.18. See legend for Fig. 19.17. 
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Fie. 19.19. The influence of milk in the diet and castration on the rate of approach 
to maturity in fowls. Data kindly furnished by Dr. M. A. Jull (see Univ. Missouri 
Agr. Exp. Sta. Res., Bull., 96, p. 114). 
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Fig. 19.20. Differences in rate of approach to mature weight of English children. 
Are these differences due to hereditary or environmental conditions? For the data 
see B. T. Baldwin, Univ. Iowa, Studies in Child Welfare^ 1, No. 1, (1931). 
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Fig 19.21. Relative approach to maturity of total body weight, calcium, and phos- 
phorus in the rat. For the data see Sherman, H. C., and Quinn, E. J., The phosph^us 
content of the body. J. Biol. C/icm., 67, 667 (1926); Sherman and MacLeod, F. L., “The 
calcium content of the body,” Id., 64, 424 (1925). For more recent data see Caroline 
Sherman Lanford, H. L. Campbell, and H. C. Sherman, J. Biol. Chem., 137, 627 (1941). 
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axis (explained and illustrated in Sect. 16.5; see especially Fig. 16.27, also 
Figs. 16,25 and 16.26). It is only after the age t* that 1 month in the rat is 



Fig. 19.22. Polish and Flemish rabbits approach mature weight at the same rate 
despite the great difference in mature weight of the two breeds of rabbits. From data 
by W. E. Castle. 


Age of Shnopehine htapino Sheep 



Fig. 19.23. Suffolk and Shropshire-Merino sheep approach maturity at the same rate 
despite differences in mature weight. 

equivalent to 11.9 months in the cow. (The numerical value of may be 
read from the graph of the equation fitted to the data as shown in Figs. 16.27, 
16.25, 16.28; is the age when A - W = A, just as B is the value of A 
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— W when t = 0; or <* may be computed algebraically as given by equations 
(13) to (15) in Chapter 16.) 
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Fig. 19.24. Ring dove and common pigeon reach mature weight in nearly the same 
time despite differences in mature weight. 

Age in. Moiitna 

G B4012i69034 S^HaimMlilre 

I ' I ' I '• I ' T ' I 'T' r •* r * 1"*' I ^T'' 

B 4 B 12 ie ^9 ShropehlpeiMerino, 

6un63k« 


I 



L 2 

):(t-t*) scale 

Fig. 19.25. These Hampshire sheep require a longer time to reach mature weight 
than the other two breeds. ^ 
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Fig. 19.26. Brahma fowls are much larger than Leghorn fowls, as shown in Fig. 16.49, 
and, unlike the Flemish and Polish rabbits (Fig. 19.22), Brahmas take much more time 
than Leghorns to attain mature weight. It is not, therefore, possible to generalize the 
relation between mature weight and time required to attain it. 
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Fig. 19.27 Substantiates the legend to Fig. 19.26 that body weight and time required 
to attain it are not closely related. .Vs shown in Fig. 16.48, rat, dove, and pigeon are 
roughly in the same weight class. Yet pigeon and dove reach mature weight much 
earlier than rat partly because of the longer infantile-juvenile period in the rat and 
partly because the rate, A-, of approach to mature weight, A, is more rapid in the pigeon 
and dove than in tlie rat. (See Table 16.1 for the numerical values of A and A.) 
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Age of Jersey Cow 



Age of Dupoc - Jersey Sow 

Fig. 19.28. Equivalence of age based on the proportionality of the mature weights, 
Ay and rate of growth k, with t* as null point. 


f Ageof l2at,?.(Unmat0d) 



Age of Mouse.? 

Fig. 19.29. See legend for Fig. 19.28. 


By way of illustration, let us prepare an equivalence chart for the rat and cow pre- 
viously discussed, having the following constants: 



A 

(mature weight) 

(kg) 

k 

/• 

(mos.) 


Jersey cow . . . 

420.0 

0.054 

8.9 

Age factor - ^ - 11-9 

White rat 

0.203 

0.644 

2.03 


For the first pair of age-equivalence, is taken; for the second pair one may take, 
for example, 8 months from conception in the rat, which is 8.0 — 2.03 = 5.97 months 
from (*. Now, 5.97 months in the rat is equivalent to 5.97 X 11.9 = 71.1 months from 
l*j or 71.1 d- 8.9 months from conception, in the cow. 8 months in the rat and 80 months 
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Fig. 19.30. Equivalence of age based on plotting against the equivalent-time 
scale k(t ~ t*). 
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Fig. 19.31. See legend for Fig. 19.30. 
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Fig. 19.32. Fquivalencc of increase in population of man, Drosophila, and yeast 
plotted against the equivalent-time scale k(t — i*). Compare to Fig. 16.5. 
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Fig. 19.33. Equivalence of age with respect to growth in weight and growth in linearly- 
measured dimensions in Jersey cattle. No. 1 represents height at withers; No. 18, 
chest girth; No. 15 distance from a point on shoulder to ischium; No. 5 width of chest; 
No. 10 circumference of muzzle; No. 7 width of loin; No. 11 + 12 H- 13 distance from 
horns to tail. See Fig. 17.11 for a graphic representation of these measurements. 
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in the coWj both counted from conception, thus constitute the second pair of growth-in- 
weight equivalent points. For weight equivalence, one reference point for both species 
18 zero; the other, is the value of A . 420 kg for the cow and 0.203 kg for the rat. Having 
the reference points on the chart, the intermediate points are graduated uniformly and 
extrapolated if desired. The proof of the correctness of the above method is demon- 
strated by the good agreement between curves pf widely difTerent species in Figs 19 2 
to 19.5, and 19.7. 

The method may be standardized for large-scale chart production by the use of 
equation (16.14). It states that for a given value of k(t - there is one, and o'nly one, 


Age fof> . 



Fig. 19.34. Equivalence of age witli respect to height at withers. No. 3 represents 
height at hip points; 6 width of hips; 9, width of foreliead. For the other symbols see 
legends to the preceding chart. 

value of W/A. If, therefore, values of \V/A of difTerent organisms are plotted against 
their corresponding k(t — i*) values, the resulting curves will necessarily coincide. 
After the data are plotted on the k(t — i*) grid, the absolute age scales are laid off, and 

the chart is completed. Equivalent ages for a given value of W/A may be read directly 

from the chart. 

If the curves for two organisms arc on different charts, the equivalence may be esti- 
mated with reference to the corresponding values of k(t — t*). Thus, assume that it is 
desired to estimate the age of the mouse corresponding to 92 months in the cow; from 
Fig. 19.8, 92 months in the cow corresj)onds to 5 on the k{t — t*) scale of the cow, and 
1 from Fig. 19.9, the value of 5 on tlic h{t — <*) scale in the mouse corresponds to 6.4 

I months. Hence 6.4 months in the mouse is equivalent to 92 months in the cow. 

I 

j 

♦ 
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To facilitate plotting the curve of equation (16.14), Table 19.1 is presented in which 
W/A values are given for corresponding k{t — i*) values. In the preparation of these 
charts, coordinate paper was used having 20 squares between 0 and 100. The values in 
the column headed by 20 W/A are given for plotting on such paper. 

Table 19.1 may also be employed for estimating the approximate equivalence of age 
for two organisms by reading the values of k(t - t*) corresponding to given values of 
W/A (right of the heavy line). 

Instead of reading the equivalent growth ages of two or more animals from a chart, 
one may compute the ages, t, at which desired values of W/A are reached in animals 
under comparison as described below. 

The growth equation 

W = A - Be-*' 


Table 19.1. Table of numerical values of W/A corresponding to different values of 

k{l — t*) in the equation W/A = 1 — e *(*~**> 


kit - n 


W 

A 

20li' 

A 

W 

A 

e-kit 

kit - n 

0 

1.0000 

.0000 

0.000 

.00 

1.00 

.000 

.1 

.9048 

.0952 

1.904 

.05 

.95 

.051 

,2 

.8187 

.1813 

3.626 

.10 

.90 

.105 

.3 

.7408 

.2592 

5.184 

.15 

.85 

.162 

.4 

.6703 

.3297 

6.594 

.20 

.80 

.223 

,5 

.6065 

.3935 

7.870 

.25 

.75 

.288 

.6 

.5488 

.4512 

9.024 

.30 

.70 

.357 

.7 

.4966 

.5034 

10.068 

.35 

i .65 

.431 

.8 

.4493 

.5507 

11.014 

.40 

.60 

.511 

.9 

.4066 

.5943 

11.868 

.45 

.55 

.598 

1.0 

.3679 

.6321 

12.642 

.50 

.50 

.693 

1.2 

.3012 

.6988 

13.976 

.55 

.45 

1 

.799 

1.4 

.2466 

.7534 

15.068 

.60 

.40 

.917 

1.6 

.2019 

.7981 ! 

15.962 

.65 

.35 

1.050 

1.8 

.1653 

.8347 ' 

16.694 

.70 

.30 

1.204 

2.0 

.1353 

.8647 

17.294 

.75 

.25 

1.386 

2.5 

.0821 

.9197 

18.358 

.80 

.20 

1.609 

3.0 

.0498 

. 9502 

19.004 

.85 

.15 

1.897 

3.5 

.0302 

.9698 

19.396 

.90 

.10 

2.302 

4.0 

.0183 

.9817 

19.634 

.95 

.05 

2.995 

4.5 

.0111 

.9889 

19.778 

.96 

.04 

3.220 

5.0 

.0067 

.9933 

19.866 

.97 

.03 

3.500 

5.5 

.0041 

.9959 

19.918 

.98 

.02 

3-910 

6.0 

.0025 

.9975 

19.950 

.99 

.01 

4.600 

7.0 

.0009 

.9991 

19.982 


— 


8.0 

.0003 

.9997 

19.994 






may be rearranged to 

A - W = Be-** 

Then, taking natural logarithms on both sides, 

ln(A - ir) = In B - kt 

Solving for kt 

kt = In B - ln(A - IF) 
Then solving for age, ty we have 

In B - in (A - W) 


(16A2a) 


which may be used directly for computing age, /, when any fraction of the mature weight 
is attained. By way of illustration, assume that it is desired to determine the age when 
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?? "n'l'i** The simplest procedure is to replace the 

W in equation (16.12a) by 0.9.1, obtaining 


In g - In (^ - OM) 

A: 

In ^ - In 0,1.4 


(16.12b) 


from which evaluate t by substituting the numerical values for B, .*1, and k. 

The above method for evaluating t for desired values of ir/.4 is employed when one 

equation (16.12) with its constant B. When one prefers growth equation 
(16.14), namely 


W/A = 1 - 

the computation of t is carried out after rearranging to 

1 - W/A = e-*(*-**> 

In (1 - ii'M) = - k{t - n 


t = t* - 


In (1 - W/A) 


(16.14) 


(16.14a) 


As before, / is the age when a given fraction of the mature weight, W/A, is attained. 
The value of t is computed, as before, by substitution. Thus if it is desired to compute 
/ when half the mature weight is reached, W is replaced by 0.5A, obtaining; 



1 

k 


In 0.5 = /* + 


0.69315 

k 


The labor of looking up natural logarithms in e(iuation (16.14a) may be saved by the 
use of Table 19.2, which gives the values of In (1 - W/A) for different'values of W/A. 

Table 19.3, giving the ages (from conception) at which different percentages of the 
mature weight are reached, was computed witli tlie aid of equations (16.12a) and 
(16.14a), and they agree very satisfactorily with the values obtained l)y interpolation 
from the smoothed weight-age curves of the original data.*® 

Finally, Fig. 19.10 furnishes another grapliic method for estimating the age at which 
a given percentage of mature weight is attained, from tlie value of the growth con- 
stant, k. 

Summarizing, following the major inflection, tlie age curves of different species coin- 
cide on plotting W/A against k{t — /*). Physiological equivalence of growth in size 
may thus be estimated graphically or algebraically as explained in the text. The com- 
putation of this type of equivalence was made possible by the fact that, following the 
major inflection, the time rate of growth declines, in all cases, exponentially (at a con- 
stant percentage rate), or the mature weight, A , is approached in all cases at a constant 
percentage rate, k (as indicated by the equation W = A — Only the numerical 

values of k differ; the shape of the curve is in all cases the same. 


19.3: Age equivalence based on the proportionality between two biologi- 
cally equivalent points. Pearl and Doering” superimposed the mortality 
age curves of three species so that two biologically equivalent points coin- 
cide. The equivalent points chosen were (1) the ages at which the specific 
death rate is minimum ; (2) when but one survivor is left out of 1000 starting 
at age of minimum specific mortality. Their result, reproduced in Fig. 19 . 12 , 

For the details of comparison see Brody, S., Univ. Mo. Agr. Kxj). Sta. Res. Bull., 
102, p. 17. 

** Pearl, R., and Doering, C. R., SciencCy 67, 209 (1923). Pearl and Parker, S. L., 
Am, Naturalist, 68 , 71 (1924). 
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shows that the paths travelled by the age curves of the three species are 
different ; hence equivalence for the intermediate age intervals is not satisfac- 

tory. 

Donaldson’s'^ procedure of comparing age equivalence in man and rat on 
the assumption that 3 yeai-s in the rat is ecpiivalent to 90 yeare in man is 
similar in principle to that of Pearl and subject to the same objection. 

Table 19.2. To facilitate computing ages at which different fraction of mature weight, 

W /A , are reached 


Fraction of mature 

weight (li 7-4) 

In (I - W/A) 

Fraction of mature 
weight \W/A) 

In (1 - W/A) 

0.25 

-0.28768 

0.70 

- 1 . 2040 

0.30 

-0.35667 

0.75 

-1.3863 

0.35 

-0.43078 

0.80 

-1.6094 

0.40 

-0.51083 

0.85 

-1.8971 

0.45 

-0.59784 

0.90 

-2.3026 

0.50 

-0.69315 

0.95 

-2.9957 

0.55 

-0.79851 

0.98 

-3.9120 

0.60 

-0.91629 

, 0.99 

-4.6052 

0.65 

- 1 . 0498 

0.999 

-6.9078 


Table 19.3. Equivalence of Growth Age 

Ages in months counted from conception when different percentages of the mature 

weight, A, are reached 


(Computed from equation 16.14) 


Percentage of mature v 

ir 

weight, 100^. . 
A 

10 

20 

30 

40 

30 

60 

70 

80 

90 

95 

98 

Mature 

Weight 

(tg) 

1. Cow 

10.6 

13.1 

16.0 

19.4 

23.4 

28.2 

34.5 

43.3 

58.4 

1 

73.4 

93.2 

550 

2. Cow 

11.2 

13.6 

16.2 

19.3 

23.0 

27.4 

33.2 

41-3 

55.1 

69.0 

87.3 

460 

3. Cow 

10.9 

13.1 

15.5 

18.4 

21.8 

25.9 

31.2 

38.71 

51.6' 

64.3 

81.4 

420 

4 Sow 

5.9 

7.9 

10.1 

12.7 

15.7 

19.5 

24.3 

31. o: 

42.4 

53.9 

67.3 

200 

5 Ewe 

5.3 

6.0 

6.7 

7.6 

8.6 

9.8 

11.4' 

13.7! 

17.5 

21.4 

26.5 

80 

6 Guinea oic 

2.8 

3.4 

3.9 

4.5 

5.3 

6.3 

7.5 

9.3 

12.3 

15.4 

18.9 

0.825 

7 White rat 

2.2 

2.4 

2.6 

2.8 

3.1 

3.5 

3.9 

4.5' 

5.6 

6.7i 

8.1 

.203 

8 White rat 

2.1 

2.4 

2.8 

3.1 

3.6 

4.1 

4.9 

5.9 

7.6 

lA 

1 

11.7 

.280 

Q Whitp rat. 

2.0 

2.4 

2.8 

3.2 

3.4 

4.4 

5.2 

6.3 

8.4 

10.0 

12.9 

.350 

10. White mouse 

11. White mouse 


.92 

1.11 

1.3 

1,6! 

1.9 

2.2 

2.7 

3.3 

4.4 

5.5 

7.0 

.0235 


1.1 

1.2 

1.3 

1.5 

1.8 

2.0 

2.3 

2.8 

3.7 

4.6 

5.6 

,0275 



1 


1 










1. Holstein (Eckles) 6. Male (Wright) 

2 Ayrshire (Eckles) 7. Unmated female (Donaldson et al.) 

3. Jersey (Eckles) 8. Male (Donaldson el al ) 

4. Duroc-Jersey (Mumford) 9. Male (Greenman and Duhring) 

5. Suffolk (Murray) 10. Female (Robertson) 

11. Male (Robertson) 

19*4: Pre-pubeijal equivalence in weight growth. Preceding puberty the 
growth velocity, dW/dt, is proportional to (Sect. 16.4) the “effective weight’’,"* 
W\ so that the equation is 

dW/dt = kW' = kiW + A) (16.5a) 

in which A is a constant. It may be interpreted to represent the weight 
equivalence of the growth impulse which, when added to the actual weight, 

“Donaldson, H. H., “Boas Anniversary Volume ” New York, 1^6. 

** Weinbach, A. P., ‘‘The human growth curve, Growth^ 6, pp. 230 and 261 (Zy41;. 
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w, transforms it into the “effective weight”, IF', 
this equation is” 


The integrated form of 


li' = Be'^‘ - A = - .1 


(16.5b) 


which has the same form as equations (16.12) and (16.14). The equivalence 
Jor prepubertal age may, therefore, be determined in the same manner as the 
post-pubertal age. \\ einbach has succeeded in preparing prepubertal- 
equivalence charts (Figs. 19.13a and 19.13b”). 



Fig. 19.35. Shows that each measurement approaches mature weight in horses at a 
different rate. The linearly-measured complc.xes approach mature size more rapidly 
than weight. 


19.6: Senescence equivalence. Age equivalence with respect to senes- 
cence data (Ch. 18, generalized by an exponential equation Y = or 
Y = Ae'^*) may be evaluated by the same method as weight growth, em- 
ploying the equivalent-time scale k{t — t*), in which k is the relative rate of 
senescence, and t* is the age when the index of senescence is minimum. 


Thus if the age change in specific mortality (deaths per 100 living of the same age) is 
taken as measure of age changes in senescence, the method consists^* in plotting the 
ratios of specific mortality at age t to the minimum specific mortality, against the 
equivalence-time scale k{t — /*), in which t* represents the age at minimum specific 
mortality, and k the relative increase in specific mortality per unit time, as explained 
in the preceding chapter. The results are shown in Figs. 19.14 and 19.15. 

Brody, S., Growth, 1, 60 (1937), and Univ. Mo. Agr. Exp. Sta. Res. Bull., 105, 1927. 
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Interpretation of senescence-equivalence charts. Let us examine Fig. 19.15 to deter- 
mine whether the population aged more rapidly when measured by rise in specific mor- 
tality from cancer or by rise in specific mortality from pneumonia. 

The minimum mortality occurred at the same age, about 15 years, from both of these 
diseases. From Fig. 19.15, at age 15 years, the specific mortality was about 0.002 from 
cancer, and about 10 times as great, namely 0.02, from pneumonia; at age 70 years, the 
specific mortality was virtually the same, about 0.4, from both cancer and pneumonia. 
This means that the rise in the ratio, mortality at 70 years/mortality at 15 years, was 
much greater for cancer than for pneumonia. The rise in senescence, when measurea 
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Fic. 19.36. Shows the relative rates of approach to mature height and weight in hu- 
mans Note differences and similarities between the weight and linear age c^ves of 
man and horse in the preceding figure. Incidentally, this chart indicates a method for 
predicting the future weight or height of a child. Thus, at age 9 years, the 
38 per cent of the maximum; hence a child weighing 23 kilograms at ^ 
weicht 23 X 100/38 = 60.5 kilograms at maturity. Similarly the weight at 12 years will 
be 60 5/2 = 30.3 kilograms, since a 12-year old child weighs 50 per cent of the mature 
weight. Or, since, a child weighs 23 kilograms or 38 per 

years and 50 per cent at 12 years, therefore the weight at 12 years is^ X 50/38 - 30.3 Kg. 
The probable future height may be similarly estimated from this chart. 

by the relative rise in cancer mortality, is much steeper than when measured by the 

Arshown*\n”Fr^*19J method of estimating senescence equivalence is also 

applicable to the rate of age change in egg production, healing otherlt 

period of fibroblasts in blood serum from animals of different ages, or for any other ex 

ponential age change which may be taken as an index of aging. 

19.6 : Sununary. A given chronological or physical time unit has a differ- 
ent physiological or functional significance for different organisms, for dif- 
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ferent organs in the same organism, at different ages, and under different 
conditions. 


The rate of flow of physiologic time may be retarded or accelerated within 
certain limits. Thus in lower organisms, the flow of physiologic time may be 
practically stopped by desiccation.'^ But “growth time” may also be prac- 
tically stopped in mammals, as illustrated in Fig. 19. IG. Such experimental 
stoppage of “flow of time” is ordinarily dangerous (few animals survive this 
ordeal), but it illustrates dramatically the concept of the rate of flow of physi- 
ologic time and its manipulation by nutritional means. 

Figs. 16.31, 1G.32, and 19.17, 19.18 exhibit growth curves of rats maturing 
at different rates — that is, growth time flowing at different rates — because of 
difference in the nature of food supply. Fig 19.20 illustrates the relative 


Ag« of Japanese (male) 



Age of Swedish, (male) 


Fig. 19.37. Equivalence of age and weight of typical Nordic and .Asiatic race. 


rates of approach to mature weight of British children under different social- 
economic conditions (see also Figs. 1G.33, 16.34 and 16.50 to 16.54). Are 
these differences genetic, environmental, or both? What is the effect of 
growth rate (approach to mature weight) on senescence rate? Fig. 19.21 
exhibits the relative rates of approach to maturity with respect to total body 
weight, calcium, and phosphorus. Fig. 19.1 illustrates the influence of thy- 
roid on the rate of growth. 

While all organisms are alike in the shape of the growth curve following the 
major inflection, there are species differences in the ratios of the length of the 
segment preceding the major inflection to that following it. The growth 
curve of man is distinguished by a particularly long juvenile growth segment 
(3 to 13-16 years), a segment which is virtually absent in the other species 

“ Conklin, E. G., Popular Science Monthly, 83, 197 (1913). 
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examined (Figs. 16.6, 19.4, 19.5). This gives the growth curve of man a 
unique status with profound social, and especially educational, implications. 
Pubertv in man occurs very late in the growth history, when about f of the 
mature weight is achieved, whereas in the other species it occurs when about 
5 of the mature weight is reached (Fig. 16.6). One of the unique charac- 
istics of the human family, the simultaneous presence of dependent children 
of different ages, is based on this relatively long pre-pubertal period. The 
mechanism, probably endocrine in nature, involved in this unique delay of 

puberty in man is one of great interest. 

An important aspect from the growth-efficiency viewpoint is that animals 
differing in mature weight may reach maturity in the same time. Thus 
(Fig. 19.22), the Flemish rabbit is over twice as large as the Polish rabbit, 
yet both reach maturity in the same time. Obviously the gains in the larger 
rabbit are made more efficiently (and more profitably) than in the smaller. 
Likemse, rat, dove, and pigeon are in the same weight class (Fig. 16.48), 
yet pigeon and dove approach mature weight more rapidly than the rat 
(Figs. 16.48 and 19.24). What are the mechanisms controlling these pecu- 
liar differences in the rates of approach to mature weight? 

Some of the technically useful features of this chapter are ; methods of com- 
puting age equivalence in animals, plants, and populations; demonstrating 
simlarities between the age curves of animals, plants, and populations; in- 
terpreting experimental results obtained on one species, such as rats or rab- 
bits, in terms of other species, such as cattle or human beings, for physio- 
logically equivalent age and time intervals. 

Many equivalent charts are also presented in Chapter 16. See especially 
Figs. 16.6, comparing the age curves of growth of rat, yeast population, maize, 
oat, squash; 16.7, curves of man, cattle, swine, sheep, rabbit, fowls, rats, 
guinea pigs, pigeons; Figs. 16.35 to 16.38, equivalence of age for milk secretion 
in cattle; Figs. 16.30 and 16.32, remarkable differences in rate of approach to 
mature weight in rats. Additional equivalence charts, not discussed in the 
text, are presented because of their inherent interest and usefulnes as refer- 
ences or standards for evaluating equivalence of growth age in different spe- 
cies and breeds of farm and laboratory animals. 

The sources of data are indicated on the chart, the references are in the 

legends, or in Chapter 16; also in University of Missouri Agr. Exp. Sta. Res. 
Bull. 96. 



Chapter 20 

Nutritional Aspects in the Efficiency Complex 

r 


The scientist works in his laboratory with a few pink-eyed rats, and what 
he discovers is seen to be tied in with the deepest social and political and 
economic problems. Gove Hambidge 

Tell me what you eat and I will tell you what you are. The destiny of a 
people depends on the nature of its diet. A. Brillat-Savarin (1755-1826) 

20.1. Introduction : Species and individual differences in dependence on 
food for vitamins and amino acids. Every chapter in this book is concerned 
tvith some nutritional problem. This chapter considers several nutritional 
aspects as a whole, from the organismic viewpoint, with special reference to 
problems engaging students of practical nutrition of animals and man. 

The nutrition of higher animals involves many nutrients, usually grouped 
into four broad categories: (1) protein or amino acid, (2) energy (which 
includes protein as well as carbohydrate and fat), (3) mineral or inorganic, 
(4) vitamin. There are, however, many species and even individual pecu- 
liarities with respect to the degree of dependence on food for each of the 
many nutrients included in these four categories. 

For instance, most microorganisms, such as yeast, can synthesize amino 
acids and protein from simple compounds, such as asparagin, urea, succin- 
amide, nitrites, nitrates, and ammonium bicarbonate. Higher animals, 
on the other hand, cannot synthesize what are called “nutritionally essential” 
amino acids. Yet ruminants, such as cattle and sheep, are not entirely 
dependent on then- feed for the amino acids because one of their stomach 
chambers, the rumen or paunch, is virtually a fermentation vat with flourish- 
ing populations of microorganisms which convert simple non-amino-acid 
nitrogen compounds into amino acids for the synthesis of their body protein; 
these microorganismal-body proteins are in turn used as food by their host, 
the ruminant animal. It thus comes about that ruminants convert inferior 
proteins and even non-protein nitrogen compounds into superior proteins 
in milk and meat, which non-ruminants cannot do. Rummants, especially 
dairy cattle, thus occupy a unique position in the efficiency complex in that 
they can convert feeds, with much crude roughage not useful to man and 
other species, and inferior protein or non-protein nitrogen compounds into 
the very best proteins, meat and milk. Swine and poultry may be efficient 
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converters of feed into meat or eggs, but the feed has to be concentrate 

rather than roughage, and the protein must contain all the essential amino 
acids and vitamins. 

It is evident that the concept “biologic value” of protein (page 778), applicable to 
species with simple stomachs, such as ratsS pigs^, or chickens^ which are dependent 
exclusively on their diet for essential amino acids, is not applicable to ruminants^. Urea 
and casein, for example, when fed to ruminants as supplements to a low-protein ration 
yield virtually the same protein-utilization values. Results on the biologic value of 
protein obtained on rats or even rabbits are not, therefore, applicable to ruminants. 
Digestibility, not “biologic value” of the dietary protein is the major factor in evaluat- 
ing protein for ruminants. It was formerly thought desirable to prepare complex grain 
mixes for dairy cattle on the assumption that the greater the variety the more likely is 
the mix to contain all the amino acids for synthesis of milk protein. This idea is now 
outmoded. It is now believed that one grain is as good as a mix of many® if equally di- 
gestible and palatable (Fig. 20.4). 

What was said about microbiological synthesis of essential amino acids 
in the rumen holds even more conclusively for microbiological synthesis of 
the B-complex vitamins (Ch. 6) in the rumen. 

This has been demonstrated by in vivo (fistula) and in vitro (after slaughter) methods 
as well as by feeding experiments. Synthesis in the rumen was observed of thiamine, 
ribohavin, pyridoxine, nicotinic acid, biotin and pantothenic acid*. Ruminants, such 
as cattle, sheep, and goats, are thus not dependent on dietary water-soluble vitamins, 
nor on vitamin K. This fact is of immense national economic importance, permitting 
the production of the “almost perfect food”, cow’s milk, from feeds which are poor in 
protein and B-vitamins. 

These statements about microbiological synthesis do not, of course, apply to calves 

prior to their development of the rumen function. In this condition they need dietary 
vitamins as do other species^. 

Normally ruminants do not need dietary ascorbic acid. However, the rate of its 
synthesis seems to depend on the vitamin A intake^, age®, and general condition*. (The 
rate of ascorbic acid s^mthesis in non-ruminants also depends on thiamine supply*.) 

Ruminants, of course, need dietary vitamin A, which they obtain in carotene form 
from green roughage. 


» Kriss, M., and Marcy, L. F., J. NiU., 19, 141 (1940). 

» Moore, D. D., et al., J. Biol. Chem., 91, 373 (1931). 

« Rice, C. M., and Dean. L. A., Pouliry Set., 21. 15 (1942). 

* Swanson, E. \\ ,, and Herman, H. A., Univ. Missouri Agr. Exp. Sta. Res. Bull. 372, 1943 (extensive review). 
Salisbury, G.W., and Morrison, F.B.,/. Dairy Sci.,21, 106 (1938). Bartlett, S.,J. Dairy Res., 9, 2G3 (1938). Hart, 
E. B.. c/ a/., J.Doiri/Sci., 22, 785 (1939): 23, 123 (1940);24. 51, 835 (1941). MUler,J. I., and Morrison, F. B., /. Ayr. 
Res., 65, 429 (1942). Mitchell, H. H., eial., J. Nut., 22, 167, 183 (1941); 7. Animal Sci., 1. 236 (1942). Harris, L, E., 
el al., Id., 2, 328 (1943). For reviews of the older literature on urea utilization, see Armsby, H. P., “The nutrition 
of farm animals , Macmillan, 191/ ; Mitchell, H. H., and Hamilton, T. S., “The biochemistry of amino acids”, 
Reinhold Pub. Corp., pp. 571-88, 1929. 

* Daw'son, J, R., et a/., “Single grain and grain mixtures as supplements to alfalfa hay and silage for milk produc- 
tion”, U. S. Dept. Agr. Circ. 696, 1944. 

• Goss, H., Nut. Abstr. Rev., 12, 531 (1943) (extensive review). McElroy, L. W., and Goss, H., J. Nut., 20, 427, 
541 (1940). Wegner, M. I., el al., Proe. Soe. Exp. Biol. Med., 45, 769 (1940); 47, 90 (1941). Hunt, C. H., et al., J. 
Nut., 21. 85 (1941). Savage, E. S., and McCay, C. M., J. Dairy Set., 25. 595 (1942). Lardinois, C. C., ei al. Id., 
27, 579 (1944). 

» Sutton, T. S., et al., J. Biol. Chem., 144, 183 (1942). 

» Phillips, P. H., et al., J. Dairy Set., 24, 153 (1941). 

• Govier, W. M., Seienee, 98, 216 (1943). 
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The other species of farm animals do not have such “fermentation vats” 
in their stomachs, and the microorganisms in the intestine are relatively 
few and relatively useless for the purpose of synthesizing amino acids and 
vitamins. Moreover, the absorption from the lower part of the intestine is 
inefficient. The simpler the digestive tract the less the opportunity for syn- 
thesis of amino acids and vitamins by microorganisms and the greater the 
dependence on dietary nutrients, although, it is certain that, variable amounts 
of synthesis occur in all species^'", even in humans^-, which explains, in part, 
species and individual variations in sensitiveness to withholding dietary 
vitamins of the B complex. Biosynthesis has been demonstrated in the rat 
cecum*®^. 


Anthropoids — including man— and guinea pigs are dependent not only 
for the B vitamins but also for ascorbic acid (vitamin C) in their food. The 
farm and laboratory animals investigated synthesize ascorbic acid (Ch. G). 

Ruminants, then, are least likely to develop nutritional deficiencies, being 
able to synthesize essential amino acids (within limits) and the B-complex 
vitamins and vitamin K. These are followed, as a rule, but with many ex- 
ceptions, by the non-ruminant herbivors; then by omnivors, such as swine 
and poultry, which have still simpler digestive tracts, cannot consume much 
roughage, and which therefore frequently develop nutritional deficiencies 
under intensive commercial conditions of management. Grass, properly 
cured early-cut hay, and other young leafy greens are “protective foods,” 
and the less their consumption the greater the chances for developing dietary 
deficiencies. Fourth, are such species as rats and dogs which do not nor- 
mally consume appreciable quantities of greens and are, therefore, still more 
likely to develop nutritional deficiencies. The anthropoids, including man, 
come in the last category; they are, in a sense, the most exacting in their 
food needs because in addition to the vitamins needed by the other species, 
they are also dependent on their food for vitamin C and for unknown factors'^*. 

It is, then, evident that in addition to the four broad categories of energy, 
nitrogen, minerals, and vitamins, which all animals must have, each species 
and even each individual has special dietary needs not necessarily applicable 
to other species and individuals. It is nece.ssary to appreciate the lability 
of need in the same individual (with age and other conditions) and the dif- 
ferences between species and individuals in order to interpret apparently 
contradictory experimental results. Moreover, different species vaiy in 
their response to dietary situations. A dramatic example of this is furnished 
by the differences betw’een the large fertile queen bee and her small infertile 
sister worker bee. This difference is developed by dietary means alone, 
by feeding “royal jelly” to the larva of the future queen but (following the 
third day) not to the future worker bee. 


Mitchell, H. K., Taylor, A., et aL, Univ. Texas. Pub. 4237, 1942. 

Guerrant, N. B., and Dutcher, R. A., Ptoc. Soc. Eip. Biol. Med., 31, 796 (1934). 
Waisman, H. A., el al., "Nutritional needs of the monkey," J. Nut., 26. 205, 361 (1943). 


744 


BIOENERGETICS AND GROWTH 


Nothing is known about the composition of “royal jelly” to indicate the nature of its 
growth and differentiating properties"^. The worker bee is apparently not underfed or 
malnourished. The worker bee is not analogous, for example, to a vertebrate cretin 
produced by dietary iodine deficiency. The queen bee appears to be (qualitatively and 
quantitatively) superfed. It is doubtful whether such striking developmental differ- 
ences can be achieved by superfeeding normally fed mammals and birds (Ch. 16). It 
may be that “royal jelly” contains not only what are usually called nutrients, but also 
hormones since, unlike the food of worker bees, it is a secretion and there is apparently 
no digestion in the queen bee to destroy hormones. If “royal jelly” contains hormones, 
its feeding may be analogous to injecting anterior pituitary growth hormones (Sect. 7.7), 

Nutritional investigation includes many specialties, ranging from compara- 
tive nutritional psychology concerned with individual differences in food 
preferences to organic chemistry concerned with the identification and synthe- 
sis of nutrients; from sociology concerned with interrelation between diet 
and social and national welfare to ph3'^sical chemistry concerned with the 
thermodynamics, time relations, catalysts, and other physico-chemical reac- 
tions constituting life. This chapter, naturally, makes no attempt to cover 
the field of nutrition but discusses several selected problems "which seem 
germane to the spirit of this book. One of the problems, species and indi- 
vidual differences in dependence on food for vitamins and amino acids, and 
species differences in response to superfeeding, is discussed in this introduc- 
tory section. The following section discusses species and individual differ- 
ences in the use of what may be called “nutritional wisdom” in the choice of 
dietary components. 

20.2. “Nutritional wisdom.” It is fascinating to watch individual rats, 
chickens, children (and also the children's parents) making up their o^vn 
ration, each to his unique taste, when a wide variety of foods is available 
ad libitum in cafeteria style. Individuals undoubtedly differ in food prefer- 
ences; when followed, these preferences affect the individuars well being. 
This is illustrated, for example, by developmental differences of the animals 
described by Dove which were allowed to make their o^vn ration. “ 

If an animal chooses consistently a dietary pattern that leads to optimal 
growth, health, and longevity, then, conversely, the dietary pattern chosen 
by such an animal may indicate the proportions between the foods that lead 
to optimal growth, health, and longevity. Foods may this way, with the aid 
of superior assay animals, be arranged in a hierarchal order in terms of 
“palatability ratings.” Palatability is an agriculturally important charac- 
teristic because the greater the palatability of a food the greater its consump- 
tion, the more rapid the productive process, the less the overhead mainte- 
nance cost, and the higher the economy per unit product (Ch. 1). 

Dove** employed this method of self-selection for arranging foods by their palatabil- 
ity. When offered free choice of the following foods to rabbits between weaning and 11 

n* Pearson [Proc. Soc. Exp. Biol. Med., 48, 415 (1941)1 reported that "royal jelly’* is very rich in panto- 
thenic acid. 

Dove, W. F., J. Heredity, 50, 167 (1939), and other references (ref. 17, Ch. 1). 

t* Dove, W. F., J, Nut., 25, 447 (1943); Human Biology, 15, 199 (1943). 
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weeks, they consumed 36 per cent whole-ground wheat, 21 per cent whole-ground yellow 
corn (mixed with 1 per cent cod liver oil), 18 per cent dried skim milk, 8 per cent whole- 
ground oats, 8 per cent alfalfa leaf meal, 3 per cent dehydrated fishmeal, 2.3 per cent meat 
meal, 1 per cent common salt, and 1 per cent bone meal. 

Dove^* also observed that rabbits give highest preference to succulent foods with 
highest moisture and lowest fiber content. For instance, cabbage with the highest 
(96%) moisture and lowest (1%) fiber content in the succulent test foods was given high- 
est preference, while white sweet clover before bloom with the lowest (75%) moisture 
and highest (6%) fiber content was given the lowest preference. Since high moisture 
and low fiber content are correlated with physiological immaturity and with the as- 
sociated ^‘tenderness’* or high digestibility aild high vitamin-mineral content, the rab- 
bit’s preference is essentially for the most digestible foods richest in vitamins and min- 
erals, a preference that accords with “nutritional wisdom**. 

What was said concerning normal food choice often holds for “cravings’* during cer- 
tain nutritional disorders and under special stressful conditions. Such kinds and 
amounts of foods are generally sought as will restore and maintain a normal nutritional 
state. This accords with the principle of homeostasis (Cli. 10); and under natural con- 
ditions appetite for natural foods is an important guide to the nutritional needs of the 


body”. (Conditioned appetite for artificial foods or condiments, such as for sugar, 
patent flour, alcohol, etc., obviously belongs in a different category of wants.) 

For instance, during a certain disease of the adrenal glands associated with extreme 
loss of common salt (Sect. 7.4), the animal automatically (under the influence of taste- 


hunger mechanisms) compensates the salt loss by developing an “abnormal** craving 
for and consuming enormous ejuantities of table salt”. Indeed, extreme salt consump- 
tion is often taken as a diagnostic symptom of such adrenal disease. Similarly”, re- 


moval of the parathyroids (which regulate calcium metabolism, see Sect. 7.5) is as- 
sociated with a craving for and four-fold consumption of calcium; and conversely, 
unusual craving for bone or earth (in non-lactating and non-gestating animals) may 
indicate parathyroid abnormality. Another example relates to craving for unusual 
foods during pregnancy and lactation, as illustrated by bone consumption in herbivors 
(that do not normally consume animal products) during gestation and lactation when 
there is heavy demand for calcium”. There is also an increased need for protein, but 
not carbohydrate, during pregnancy, and pregnant rats fed by the self-selection method 

increase their protein, but not carbohydrate, intake”. 

Some types of cravings associated with disease, such as sugar craving by diabetics, 

when satisfied, may aggravate the disease. 

Carbohydrate and protein oxidation (catabolism) in normal manner is dependent 
on the presence of thiamine catalysts (Ch. 6); and interestingly enough the relaUve 
preference by rats for carbohydrate and fat depends on the relative supply of thiamine; 
its lack leads to aversion to carbohydrate and increased preference for fat and also for 
yeast (rich in thiamine) ; its abundance changes the preference from fat to that of carbo- 
hydrate”. This “nutritional wisdom’’ relating to thiamine does not, apparently, ex- 
tend to riboflavin. Chickens” and rats” do not differentiate satisfactorily between 


» Mitchell, Helen S., and Mendel, L. B., “The choice between adequate and inadequate dicta as made by rata 
and mice”, Am. J. 58, 211 (1921). „ « 

M Richter, C. P.. EndocrinoloQU, 22, 214 (1938); 24, 367 (1939); Am. J. Phviwl., 126, 1 (1939). Swann, H. G., 
Science, 90. 67 (1939). 

a Richter and Eckert, J. F., Endocrinologt/i 21, 50 (193( ). 

» Green, H. H., “PreverU-d appetitea”, Phu»iol. Rev., 5, 336 (1925). Carlson, A. J., “Bone eating by the preg- 
nant and lactating squirrel”, Science, 91, 673 (1940). 

n Richter, C. P., el al.. Am. J. Physiol., 124, 596 (1938). 

Richter and Barleare, B., Am. J . Physiol., 127, 199 (1939). 

Jukes, C. L., J. Comp. Psychol., 26, 135 (1938). 

« Harris. L. J., el al., Proc. Roy. Soc., II3B (1933). 
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riboflavin-poor and riboflavin-rich diets even if they suffer serioiisly from riboflavin 
deficiency. 

Chicks balance their rations satisfactorily from natural feeds, as indicated by the 
following comparison at the Missouri Experiment Station*' between the free-choice 
(cafeteria) selection of chicks up to 8 weeks of age and the chick mash officially recom- 
mended by the Missouri Station. 


Feed Consumption by Chicks During the First 8 Weeks After Hatching. 


Feed 

Free selection 

Recommended 
Missbliri ration 


, (%) 

C%) 

Cornmeal 

39 

50 

Wheat shorts 

29 

15 

Wheat bran 

11 

15 

Dried buttermilk or 

6 

15 

Dried skim milk 

5 

15 

Meat scrap 

5 

0 

Bone meal 

3 

4 

Alfalfa leaf meal 

1 

0 

Salt 

0.2 

1 


The above self-selected ration contains about 18 per cent protein, 56 per cent carbo- 
hydrate, 4.7 per cent fat, 7.1 per cent ash, and 3.5 per cent crude fiber. 

Commercially managed dairy cattle do not seem to be particularly endowed with 
nutritional wisdom**; they tend to overeat, sometimes on one feed then on another, 
without apparent “reason”. 

If unconditioned weaning children*^ are given the opportunity to choose their food 
constituents, their choice is satisfactory. However, children are rarely unconditioned 
even before weaning and real free choice, in the sense of freedom from habit and sug- 
gestion, is perhaps impossible; therefore, conclusions from children's seif-selective be- 
havior are usually ambiguous. 

Human choice of food is particularly confused by the more rapid advanc^ 
in the technology of food processing than by the understanding of the nu- 
tritional significance of the processing. This lag of understanding behind 
technological skill leads to the development of irrational ideas and undesir- 
able habits surprisingly difficult to eradicate when understanding does catch 
up with technology. A few examples with their social implications are cited 
in the following notes to illustrate this point. 

\ Bread is the major food stuff, the common man*s “staff of life”. It is a good food if 
made from whole grain, as it contains good proteins, minerals, and vitamins. Until 
recently whole grain was used for bread making. But recently technology was de- 
veloped for processing whole-wheat into “patent flour” which has very fine culinary 
qualities, making a “lovely crust” and a “big loaf” (per unit weight of flour). Nu- 

Funk, E. M., Poultry Sci., 11, 94 (1932). For self-selection by laying hens, see Kempster, H. L., Id., 3, 26 
(1916), and Rugg, W. C., Austral. Dept. Agr. Bull. 54, 1925. Amon, V. G., Phillip. AgricxdtuTiat, 19, 445 (1930). 
The self-selection is nutritionally very satisfactory. 

“ Nevens, W. B., J. Dairy Sci., 2, 435 (1919); Univ. III. Agr. Exp. Sta. Bull. 2S9, 1927. For water drinking, see 
Atkeson, F. W., and Warren, T. R., “Water consumption in dairy cows’*, J. Dairy Sci., 17, 265 (1934). 

” Davis, C. M., “Self-selection of diet by newly weaned infanta”. Am. J. Die. ChUd., 36, 651 (1926); 46, 743 
(1933). Harris, L. J., British Med. 2. 309, 367 (1933). 
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triiio7xally ^ however, the patent flour is very inferior to the whole-wheat flour because 
the milling process removes the nutritionally superior proteins and, roughly speaking, 
i of the iron, J of the calcium, } of the copper, i of the thiamine, J of the riboflavin, ^ 
of the choline, and nearly all the magnesium and manganese, leaving the patent flour 
a nutritionally impoverished product. The superior keeping quality of white flour is 
due mostly to these very nutritional deficiencies which make it an unfavorable diet 
for the pests (which thrive on the nutritionally superior whole-wheat flour). 

The germ, middlings, shorts, red dog flour, and bran (Fig. 20.1) removed from the 
wheat in white flour manufactu^e*^ which carry the vitamins, superior proteins, and 
minerals, are fed mostly to cattle. But, as previously explained, cattle are independent 
of dietary B vitamins and essential amino acids, and they obtain minerals from the 
roughage and bone meal. We thus take away from the human dietary what man needs 
and feed to cattle what cattle do not need, which does not make particularly good “nu- 


WHEAT GERM 




endosperm (flour) 


BRAN 


AUEURONE CELLS 



FLOURY STARCH 


HORNY STARCH 


GERM 


GLUTEN 


HULL 



a ^ 

Fie 20 la and b. Wheat and corn grains. The wheat grain consists of about 1.5 
per cint germ or embryo (which contains about 40 per cent of the whole-gram protein 
and 15 per cent of the vitamins), 15 per cent bran and inner coatings (which Imld about 
18 per cent of the whole-grain protein and 75 per cent of the B vitamins), ^ per cent 
endosperm (which contains about 11 per cent of the whole-gram protein and m per cent 
of the vitamins) . Patent flour consists mostly of endosperm. Middlings or shorts is a 
mixture of some bran, some germ, and some red dog flour; red dog flour or 'vh> e mid- 
dlings consists chiefly of aleurone cells with some bran and flour particles. Middlings, 
the most nutritious part of the wheat, a very rich source of the vitamin B complex, is 

now fed to livestock. 


tritional wisdom”, or even horse sense. It has been said that white-flour products and 
sugar^o furnish over half of the calories, but only 10 per cent of the vitamins and min- 
erals. The milling also disturbs the supplementary balance between amino acid in the 
various parts of the grain”, thus converting a naturally balanced protein combination 

into an unbalanced one. • i r i- r i 

Next to bread, milk is — or should be — ^the most important article of diet for the 

common man because it is t he most efficiently produced, as above explained, and it is the 

« For cereal clicmintry consult the Journal 0 / Cereal Chemietrv, Stanford University Food Research Studies; 
Bailey, C.H., "Constituents of wheat and wheat products”. Reinhold Pub.Corp., 1944; Sherman, H.C., "Modern 

^ Sugar which like alcohol, should be used as flavoring material and op^iO/, has become a major article of the 
dietary. A century ago the per capiU sugar consumption was 8 lbs rwr year; in 1941 it was 112 Um per year (Sect- 

21 * 2 ), 

« Chick, Hariette, Lancet, I, 405 (1942). Murlin, J. R.. tl al., J. Nut., 22, 573, 689 (1941). 
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least expensive protective food of animal origin (Ch. 21). Milk is rich in protein of the 
highest quality, minerals, vitamins, and the unique milk sugar. But after producing, 
about half of it is skimmed and the milk under the cream line is fed to farm livestock 
which convert the milk to other products (egg, meat, meat fat) at an overall efficiency of, 
perhaps, 10 per cent (Sect. 21.2). According to a recent report*^ “Less than half the 
available milk protein finds its way into the human diet . . .one can scarcely condone the 
lavish w'aste of nutritious materials now occurring annually in the dairy industry. The 
full significance of this incredible situation is appreciated when one realizes that the 
milk protein remaining on the farms each year is equivalent to the protein content of 
20 million beef steers . . (Further analysis of the nutritional and social implications 
of processing wheat and milk, and the relation betw^een the two, are presented in Sect. 
21 . 2 .) 


This complex sequence of processing and reprocessing gives the impression that man 
is employing his ingenuity for devising complex methods for wasting food. 

The “enrichment” of patent flour with vitamins does not compensate for the losses 
in milling, as indicated by short-time observations on dogs and rats on whole-grain and 
“enriched” white flour-®. The “enriched” bread is deficient in the amino acids 
lysine and valine, as well as in vitamins and minerals and unknown factors. 
Long-time experiment would, no doubt, bring out many other deficiencies. 
The Nutrition Committee of the National Health and Medical Research Council of 
Australia rejected the principle of bread “enrichment” with vitamin B complex*®, pre- 
ferring to add cereal by-product, such as wheat germ, to the white flour or dried milk, 
and war-time, Britain compels the use of but lightly extracted “national wheat meal”*®. 

Incidentally, oatmeal or rolled oats, nutritionally considered, is a whole grain rather 
than a milled one, like decorticated wheat, and is much richer in vitamins, minerals, pro- 


tein, and fat then even w'hole w’heat. 

The least expensive, yet the best substitute for the losses incurred in milling wheat is 
non-fat milk solids added to the extent of 6 per cent of the white flour. Indeed, accord- 
ing to Mitchell**, who employed growth rate of immature rats as a measure of nutritional 
value of bread, skim-milk solid is a better supplement to white flour than the w’heat 
residues discarded in milling, and such milk addition definitely improves the nutritive 
value both of “enriched” white bread and whole-w’heat bread. The ideal, nutritionally 
complete bread would be made from whole wheat and whole milk. With the exception 
of ascorbic acid, a bread made from whole-wheat flour and whole milk would constitute 
a nutritionally complete diet (Sects. 21.2 and 18.2.4), although rather low in vitamin A. 

White flour would also be greatly improved in nutritive value by supplementing it 
with such vitamin-rich and protein-rich foods as yeast, soybean flour, peanut flour, 
wheat germ, and so on. Aside from its nutritionally supplementary value, 3 to 10 per 
cent soybean flour mixed with white wheat flour makes an unusually attractive bread 
crust and holds moisture, thereby increasing the keeping quality of the bread. 

The economically able who are also equipped with nutritional knowledge may, of 
course, compensate the white-flour deficiencies with appropriate protein-mineral-vita- 
min-rich foods — milk, eggs, meat, fresh vegetables, fruits. But most consumers lack 
both means and knowledge for correcting the white-flour deficiencies; hence the im- 
portance of an inexpensive “national loaf” which would supply the majority of con- 
sumers all the nutritional essentials (Sect. 21.2). The modern large-scale bakeries and 


Rose, W. C., et ol., *‘The nation’s protein supply”, report of Food and Nutrition Board, National Research 
Council, Circ. 114, 1942. 

*• Murlin, J. R., Am. Soc. Exp. Bibf., Fed. Proc., 1, 209 (1942). Light, R. F., and Frey, C. N., Cer^ Chemiatryt 
20. 645 (1943). MitcheU. H. H., et al., J, Nu/., 25. 5S5 (1943). Higgins, G. M., et at.. Id., 26. 347 (1943). 

»» Anon., J. Am. Med. Aesn., 116. 882 (1941), and 126. 315 (1944). 

MBlainey, A., Nature, 152, 191 (1943). 
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their coopenitivc institutes lire in ii position to experiment in blending various types of 
Hours, milk solids, yeast, lecithin, agar, and so on, with the aim of developing both an 
attractive and nutritionally complete bread, and there is no doubt that tliey will live up 
to this opportunity. 

What has been said about the losses in grain processing applies to other foods as well. 

For instance, we have an abundance of efficiently produced inexpensive vegetable 
fats. The keeping qualities and decomposition temperatures of these fats (natural and 
hydrogenated) are approximately tlie same as of lard; yet lard has been produced on a 
large scale at an energetic efficiency below 10 per cent of that of vegetable fat and at a 
high nitrogen and mineral cost. There arc good reasons for lard as for patent flour 
production, but the reasons arc not from the overall national nutritional efficiency view- 
point (Ch. 1). This fact is becoming evident and efforts are already being made to 
develop a non-lard type of swine. 

Some of the oil-bearing legumes, especially soybeans, are efficient protein as well as 
fat producers^^ and the soybean promises to become a most important food crop in this 
country 

Fish has approximately the same nutritional value for man as meat (except for iron), 

and it is said to be obtained by the fishing industry at a man-power cost of about one- 

% 

tenth that of meat”. But relatively little fish is used as human food in this country. 
After removing the oil, most of the commercial catch is used for animal feed or even 
fertilizer. 

Yeast is one of the richest sources of the B-complex vitamins and protein of high bio- 
logic value, and the raw material for yeast manufacture (molasses, and more recently 
waste sulfite liquor) is plentiful. The nutritive value of yeast is quite close to that of 
lean meat of the same water content. Little yeast, however, is being used for human 
consumption. Attention is now given to yeast culture as human food”* Yeast, 
like soybean flour or milk, could be incorporated in bread up to, perhaps, 10 per cent, 
thereby enriching the bread with vitamins and proteins; or, like milk and soybean, 
yeast could be used for the preparation of very rich protein-niineral-vitamin soups to 
supplement the perverted white flour-sweets diet (Sect, 21.2). 

While discussing yeast, a relatively new article in the human dietary, one may men- 
tion another new product with potentialities for supplementing the human dietary, 
namely dehydrated young cereal grass”. Young tender grass (harvested just before the 
jointing stage, about 3 weeks after seeding under favorable weather conditions) is rich 
in all essential nutrients and also in pectin and chlorophyll, which exert a hygienic 
effect on the digestive tract. Such grass constitutes a great reservoir of vitamins, pro- 
teins, and minerals. Grass, when young and tender, can be consumed in but limited 
amounts because of its laxative effect which, however, judging by the huge sale of laxa- 
tives, is also an advantage. Here is a problem in processing which may yield a match- 
less dietary constituent from a heretofore untapped resource (see page 789). 


Rose, el Stare, V. J., anti Hegsted, D. M., “Special report on protein foods", National Research 
Council, 1943. 

« Baldwin, I. M., and Movitt, E. J., Food Res., 7. 403 (1943). Burkholder, P. R., “Vitamins in soybeans”, 
Science, 98, 188 (1943). See also “The coinr)osition and nutritive properties of soybean products” by the Soybean 
Nutrition Research Council, Chicago, 1938. The literature on soybeans Ls too large for detailed citation. 

•• Frey, C. N., “History of the yeast industry”, /nd.JFnff. Chem.,22. 1148 (1930). Gortner, R. A., Jr., and Gun- 
derson, F. L., Chem. Eng. Netes, 22. 160 (1944). 

« Thaysen, A. C., Nature, 151, 406 (1943). Burton, L. V., Food Ind., 15, 66 (1943). Macroe, R. F., Bxoc. J 36. 
460 (1942). 

» Schnabel, C. F., Abst. Div. Biol. Chem., Am. Chem. Soc., N. Y., 1935. Kohler, G. 0., J. Biol. Chem., 152, 
216 (1044). For weeds as food, see Carver, George W., “Nature’s garden”, Tuskegec Institute, Alabama, Bull. 
43, 1942. ' 
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The waste, or failure to utilize, essential nutrients does not mean that there is an over- 
abundance of them; nor do bulging granaries and cold-storage warehouses imply that we 
are well fed, for it takes money (Fig. 20.2), knowledge, and vision to obtain and utilize 
foods wisely’*. The following quotations, the first by a nutritional expert of the U. S. 
Department of Agriculture and the second by a nutritional expert of the U. S. Public 
Health Service and a member of the Nutrition Committee of the National Research 
Council, indicate the contrary. 

“Millions of people in this country are living on diets that are below the safety line . . . 
a third or more of the families in the United States subsist on diets that should be classed 
as poor, . . . that take a toll in chronic fatigue, shifting aches and pains, certain kinds of 
digestive disturbances””. 

“About 50 per cent of the children studied in Pennsylvania in 1939 were anemic’*. 
In terms of adequate food for everyone, no food surplus has ever existed , . . the world 
has never had enough to eat. So-called over-production ... is in reality failure to secure 
adequate distribution . . . Faulty food distribution is the most important contributory 
factor to malnutrition, and ignorance of the rules of good diet plus indifference to the 
consequences and bad dietary habits are the contributory underlying causes. Great 
Britain has shown that a national food policy bjised on nutritional adequacy can control 
malnutrition ... In spite of poorer living conditions incident to war, the 1942 infant 
mortality in Britain was the lowest on record, and health has been maintained at a high 
level with a decreased general death rate and a negligible incidence of deficiency diseases 
. . . Such diverse problems are involved iis the control of crop production, farm machin- 
ery, manpower, food distribution, transportation, food preservation and processing, 
storage and food preparation jis well as education and diganosis, prevention, and treat- 
ment of deficiency diseiises”’*. 

One is tempted to quote President Roosevelt^s remarks on this subject” . . every 
survey of nutrition shows that there is in the United States undernourishment which is 
widespread and serious . . . We do not lack . . . the means of producing food in abun- 
dance and variety. Our task is to translate this abundance into reality for every Ameri- 
can family”’®. 

However, our ability to serve as the “bread basket of the world” or even to produce 
food in “abundance and variety” is doubted by many competent agriculturists, who feel 
that supplying food to furnish some 4000 Calories per day for each of the 135 million 
persons is itself a task of gigantic proportions which, unless the soil is carefully hus- 
banded, threatens to turn much of our own “bread basket” into a “dust bowl” by over- 
cultivation. The report to the Food Advisory Committee, a Sub-committee on United 
States Food Allocation Policy, indicates that “the United States has never been and 
cannot become the food basket of the United Nations. U. S. food production, though 
impressive in itself, has never beeif more than a small fraction of total world production, 
and U. S. exports do not constitute more than a small percentage of the total food moving 
in world trade”. 

The social nutritionists ideal is an adequate diet for every member of society, at least 
for every child, since it is futile, for example, to furnish educational opportunities to 

“ Stiebeling, et al., "Dietary levels", U. S. Dept. Agr.Misc. Pubs. 405 and 452, 1942. Sticbeling and Phipard, 
E. F.. "Diets of wage earners", U. S. Dept. Agr. Circ. 607. 1939. Mack, P. B., et a/., "Nutrition of families on dif- 
ferent economic levels". Am. J . Sci-, 199, 686 (1940) J . Am. Diet Asan., 18, (1942). Wiehl, D. G., and Kriise, 

H. D., Milbank Meni. Fund. Quart., 19. 241 (1941). 

Stiebeling, H. K., U. S. Dept. Agr. Misc. Pub. 430, 1941. 

” Sebrell, W. H., J. Am. Med. Awn., 123. 280. 342 (1943). Lively, C. E., and Lionlwrgcr, H. F. (“Physical 
status of farm tenants and farm laborers in Missouri", Univ. Missouri Agr. Exp. Sta., Columbia, Mo., 1942, Prelim. 
Pub.), reiKjrted substantially similar prevalence of nutritional anemia in Missouri. See also reiwrt of the com- 
mittee on diagnosis and pathology, Food and Nutrition Board, National Research Council, No. 109, Nov., 1943. 

••Proc. National Nut. Conference for Defense, Federal Security Agency, U. S. Sup. Documents. 1942. 
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malnourished children who, because of their malnourishment cannot utilize these op- 
portunites efficiently; and the same holds true for other members of the community. 
A corollary aim should be to acquaint every consumer with the simplest and most 
economical menus that would furnish all' the nutrients jn optimal proportions. The 
soybean makes a good base for such a menu, and is gaining rapidly in consumer favor. 
The U. S. Government has called for over a billion pounds of soybean meal to be con- 
verted into flour for human consumption in 1944, much of which, however, is intended 
for Europe. But in this country habituated to wheat and milk, a whole wheat-whole 
milk bread^® in certain proportions (6 to 20 per cent milk solids in relation to flour) 
when supplemented with vitamin C, is virtually a complete food. (If defatted milk 
solids are used, the bread would also have to be supplemented with vitamin A.) Some 
day, maybe those who cannot afford to buy an adequate diet, at least children, will be 
furnished free such a whole wheat-whole milk bread, thereby avoiding irreparable 

malnutrition. 

The following are two examples of simplified menus— which do not appear to the 
writer as simple — for adults suggested by the National Research Council (N.R.C. 

circular 115, 1943). 


I 

1 pint milk 
1 egg 

1 (or more) serving of meat or fish 

1 (or more) potato 

2 vegetables, one green or yellow 
2 fruits, one citrus or tomato 
Cereal or bread, whole or “enriched” 
Other foods as desired 


II 

1 cup turnip greens 
3 sweet potatoes 

20 peanuts or 3 tablespoons of 
peanut butter 
IJ oz. beans or peas 
1 cup tomatoes 
3 oz. cornmeal 
3-4 oz, enriched flour 
\ quart milk 

Small serving lean pork, 3-4 times 
per week 

Molasses, fat, etc. to complete meals 


Whole wheat-whole milk bread and “other foods as desired” would be a much 

simpler and more practical menu, u j • 

The most conspicuous constructive wartime nutritional development is dehydration 

and compressing of foodstuffs, which may thus be preserved for long periods and trans- 
ported long distances. “The weight of bombs dropped in the Ruhr in May as given in 
the daily press w'as 8,800 tons. This weight of dried milk would yield 4,000,000 pints of 
liquid milk a day for 31 days, about half a pint for every head of the population in a 
country the size of Belgium or Portugal”^®^. Compressed dry meat has about 30 per 
cent of the weight and 15 per cent of the volume of fresh meat; compressed dry egg has 
about 20 per cent of the weight and 10 per cent of the volume of fresh eggs; compresse 
dry milk has about 12.5 per cent of the weight and 10 per cent of the volume of fresh 
milk. The vitamin loss in milk is mostly in ascorbic acid (20 per cent loss in each (Rymg 
and storage for about a year) and thiamine (about 10 per cent loss in drying and 20 per 
cent in storage). These developments promise to revolutionize the food-catering in- 
dustry. Dry milk is already being sold (on an experimental scale) in some grocery stores 

(Sect. 21.2). 


«Tayror,A.E.,/.Am..Verf.A«n.,81,892 fl923),and Stanford University Food Research Studies. 5, No. 4 
(1929). Mitchell, H. H.«. 

40* Barcroft, J., Nut. Abstr. Rev., 13, 1 (1943); Nuf. Rev., 2, 141 (1944). 
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20.3t The ad libitHTn and paired-feeding methods for the nutritional 
evaluation of foods. The usual method for comparing the nutritional values 
of two rations, or some limiting nutrient (such as protein, vitamin, mineral) 
in the ration, is to feed them to two groups of immature test animals, for 
example, to litter-mate rats A and B of the same sex, weighing 50 to 80 g 
at the beginning of the trial. If, for example, rat A grows more rapidly 
than rat B, the ration fed to rat A is nutritionally superior to that fed to rat 
B. Here the growth rate of immature rats is taken as a measure of the 
nutritive values of the two rations. 

This example is an obvious oversimplification. For instance, some rations 
not only accelerate growth but also accelerate senescence, which is not so 
good, and they may have imfavorable effects on other processes such as 
reproduction, lactation, egg production, muscular work, and so on. 

Moreover, speaking from the energetic-efficiency viewpoint, two animals 
niay gain weight at different rates, yet gain energy at the same rate. This 
is because some types of weight gains involve greater energy storage per unit 
live weight than others. For instance, one gram of protein gain is necessarily 
associated with three gi*ams of water gain, whereas one gram of fat gain is 
not so associated with water gain. Moreover, the energy equivalent of 
one gram fat is 2\ times that one gram protein. Hence, one gram fat gain 
is calorically equivalent to about eight grams protein gain (including the 
associated water). Indeed, it has been demonstrated by one group of in- 
vestigators'*^ that, despite differences in weight gain of rats fed the same 
amounts of food containing different percentages of protein, there was no 
difference in energy gain. 


There is some disagreement, however, on the equality of energy gain on rats paired to 
the same dietary energy containing different protein percentages and inducing different 
growth rates^*. For instance, the following data^^ indicate that the pair-fed rats gained 
different amounts of energy. The differences between Hogan’s and Forbes’ results may 
be only apparent due to methodologic differences. 


The Influence of Protein Percentage in Diet on Growth Rate and Energy Storage 

(after Forbes, et al.). 


Dietary protein 

(%) 


10 

15 

20 

25 


Weight gain 
(12 wk.s) 

Energy stored 
(12 wks) 

Nitrogen stored 
(12 wks) 

Digestibility 

(%) 

(g) 

(Cal.) 

(g) 

1 

Feed cnerg>' 

Feed 

nitrogen 

79 

217 

2.51 

91.5 

88.1 

107 

263 

3.68 

91.8 

91.8 

119 

296 

4.08 

92.9 

93.3 

119 

302 

4.17 

93.4 

94.2 


Maintenance 

heat 

(Cal.) 



Johnaon, S. R., Hogan, A. G., and Ashworth, U. S., “The utiluotion of energy at different levels of protein 
intake’*, Univ. Missouri Agr. Exp. 8ta. Res. Bull. 246 (1930). 

« Forbes, E.B..e/ol.,y.Aru(., 10, 461 (1935); 15. 285 (1938); 18, 47. 157 (1939); 20. 47 (1940); Science, 99, 478 
(1944). HainUton,T.S../d.. 17. 583 (1939); 18. 565 (1939); Brody. S., Ann. Rev. Bioc., 4, 399 (1935). 
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Most important from the present viewpoint is thaft the ration offered to 
(the more rapidly growing) rat A may be more palatable or otherwise stimu- 
late a higher food consumption, so that the higher growth rate of rat A 
may be due not to the superiority of its limiting nutrient as such but to the 

fact that it stimulates a greater food consumption. 

One could, of course, partly overcome this confusing situation by express- 
ing the growth rate in terms of weight gains per unit food consumed, such 
as by the efficiency equation we used (Ch. 1): 


weight gain (energy units) 
Growth efficiency consumed (energy units) 


( 20 . 1 ) 


Osborne and Mendel^^ defined the nutritive value of protein by a similar 
equation: 


weight gained 

Nutritive value of protein = — — ^ 

protein consumed 


(20.2) 


and McCollum and associates'^ defined it by the relation: 


nitrogen retained in body 

Nutritive value of protein = 

nitrogen consumed 


(20,3) 


The objection to the above method for compensating for differences in 
food intake is that the animals consuming more food grow larger and have a 
correspondingly higher maintenance cost. Theoretically, the situation is 

confused by the maintenance factor. 

Osborne and Mcndeb^ therefore, suggested what is now called the “paired- 

feeding method” involving equalization in food intake in test animals. As 
indicated by the following table*^ the idea is to have the animals on the 
various diets under investigation consume equal amounts of food (438 g) in 
the same time (77 days) . The relative weight gains are supposed to indicate 
the relative qualifies of the protein under investigation. Thus in the fol- 
lowing table, the rats are seen to gain 71 grams on the ration containing 8 
per cent casein, 77 grams on the one containing 8 per cent lactalbumin, and 

so on. 

Osborne and Mendel also used a combination of food equalization and 
body-weight equalization methods for comparing the gro\vth-promoting 


« Osborne. T. B., Mendel, L. B.. and Ferry, E. L., method of expressing numerically the growth-promoting 
value of proteins”. J. Biol. Chem., 37, 223 (1919). See also Osborne and Mendel, “The comparative 
of certain proteins in growth, and the problem of the protein minimum”, J. Bwl. Chem., 20, 351 (1915). we 
weight gains were related to protein intake when the ratio weight gain per protein consumed is maximum. i ne 
different proteins were fed at 9 to 10 per cent levels for 9 weeks. The animals were fed ad libitum because of the 

belief that the rats consume food in proportion to caloric rather than protein needs.) 

« McCollum, E. V., Orent-Keiles. E., and Day, H. G., “The newer knowledge of nutrition , Macmillan, pp. 

126^27 1939 

«C)sborne, T. B.. and Mendel, L. B., “A quantitative comparison of casein, lactalbumin, and 
growth or maintenance”. J. Biol. Chem., 26. 1 (1916). This method was also used by Hopkins, F. G.. J. Bhyetoi., 

44. 425 (1912). 
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properties of different proteins; they adjusted the various protein percentages 
so that all the assay animals made equal weight gains. The ideal condition 
for comparing biologic values was considered to be attained when animals 
of similar weight and age ‘‘eat the same amount of food in the same number 
of days and gain the same amount of weight, the protein factor being the 
only variable”. 


Relative Weight Gains of “Pair-fed” Rats in Relation to the Level and Nature 

of Dietary Proteins. 


Protein 

Protein in diet 
(%) 

Pood inla'ce 
(g) 

1 

Length of trial 
(days) 

Weight gain 

(g) 

Lactalbumin 

14.8 

438 

77 i 

22 

Lactalbumin 

8.0 

438 

77 : 

77 

Edestin 

8.0 

438 

77 

50 

Casein 

8.0 

438 

1 

77 

71 

Casein plus cystine 

8.0 

438 

77 ' 

95 

Casein 

10.8 

438 

77 

1 

85 

Casein 

16.2 

438 

77 

1 

105 


A great deal has been written for and against the “paired-feeding”^® and 
“body-weight equalization”^^ methods for evaluating foods. 

The distinctive feature of the paired-feeding method is that the food- 
energ}^ intake of the assay animals on all rations is equalized to the level of 
the animal consuming the least food. 

The advantage of the body-weight equalization method is that the maintenance cost 
is more likely to be the same for the animals on the diets under comparison, and the 
efficiency of the productive processes is not complicated by maintenance diiTerences. 
Kleiber^*' compared the nutritive effects of the same basal ration differing only in the 
calcium percentage, one having 10 mg and the other 430 ing calcium per 100 grams food. 
The rats on the low-calcium diet had poor appetites, gained slowly ; the rats on the high- 
calcium diet were restricted in feed consumption so that they gained at the same rate as 
those on the low-calcium diet. To reach body weigiit 146 grams (at 105 days), the low- 
calcium rats consumed 456 grams in contrast to 372 grams consumed by the high-calcium 
rats. The efficiency of dietary energy utilization (as measured by weight gains at the 
given dietary level) is thus 1.23 times as great on the high- as on the low-calcium level. 
This difference in feed utilization is attributed by Kleiber to (1) higher maintenance cost 
on the low-calcium diet (the basal metabolism at equivalent body weight for the low- 
calcium rats was 1.2 to 1.3 times that of the high-calcium rats); (2) higher calorigenic 
effect of the low-calcium diet; and (3) greater loss of unoxidized material in feces and 
urine on the low-calcium diet. 

Which, then, of tlie above two major methods, ad libitum or paired feeding, 
should be used in the practical nutritional evaluation of foods or feeds? 

There is, of course, no difference between the two if both rations are equally 
palatable and are consumed spontaneously in etjual amounts. 

** See, among liis other papers, Miteliell, H. H., “Some cssentiul-s of a gooti nulrilion experiment , J . Nut., 2, 
225 (1930), and 4. 526 (1931); Science, 66. 596 (1927); J. Animal Sci., 2. 263 (1943). 

Mitchell, H. H., and Hamilton, T. S., /Voc. Am. Soc. Ant. Prod., i>. 241, 1935. Kleiber, M., etal.,J. Nut., 
19, 617 (1940). 
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The ad libitum method is the obviously correct one to use if it is desired 
to measure the relative appetite-stimulating properties of rations and, as 
explained in the preceding section, appetite for natural foods is normally a 
very important homeostatic factor. An appetite for, or good palatability of, 
a food normally indicates that it is a good food. Conversely, an appetite- 
depressing food is normally a poor food. Thus a food lacking in thiamine or 
calcium leads to loss of appetite, and the animal is much better off if it does 
not eat that food. Equalizing the food intake would, in this case, defeat 
the purpose for which the experiment is conducted, namely to discover which 
is nutritionally the better food. Normally, the greater the food consump- 
tion the greater the speed and economy of the productive process (growth, 
milk production, egg production, and so on) because of the reduced overhead 
maintenance cost per unit food consumed. Quoting Osborne and Mendeb®, 
“Economy of food can be effected only by supplying the young animal wth 

as much as it will eat The practical feeder does not wsh to know what 

quantity of a given protein is the smallest which he can use to secure a given 
amount of gain . . . rather ... the greatest gain in the shortest time”. 

There are many experimental procedm'es, however, in which the paired- 
feeding method is superior, if not indeed the only useful one. For instance, 
if it is desired to evaluate the relative nutritional availability of calcium in 
the same milk before and after pasteurization^®, the differences in nutritional 
availability would easily be wiped out by slight differences in milk intake. 
Where the milk intake must be strictly equalized, the paired-feeding method 
is the only reasonable one to use. The results can then be presented quanti- 
tatively in a table or graph in which the availabilities of the raw and pas- 
teurized milk are plotted against dietary levels. The criterion of calcium 
availability should, of course, be calcium storage, not weight gain or energy 
gain, unless it is also desired to investigate the influence of pasteurization of 
milk (not merely calcium) on weight gain or energy gain. The paired-feeding 
method should also be used for investigating the relative availability of, for 
example, butterfat and vegetable fat®®, in which case the criterion of availa- 


bility may be weight gain or preferably energy gain. 

Summarizing, two methods are employed for comparing the nutritional 
values of foods: (1) paired-feeding, or food-equalizing, which compares the 
nutritional effects at an arbitrary low level set by the animal which con- 
sumes the least food; and (2) ad libitum feeding which permits each animal 
to choose its own food-intake level. 

The outstanding advantage of the paired-feeding method is that it elimi- 
nates the confusion in results due to differences in food intake which may 
Tnn.sk the effects of differences in food composition. The disadvantages of 
the paired-feeding method are: (1) since the food intake is equalized, the 


** Osborne, Mendel, and Ferry**. 

«Ellia, M.. and Mitchell, H. H., Am. J. PAysioI., 104, 1 (1933). 
»» Deuel, H. J.. Jr., Science, 98, 139 (1943). 
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effects of the differences in the food composition are not striking; (2) the 
differences in nutritional effects are obtained for one feeding plane, usually a 
low one (set by the less appetizing food) and, therefore, not the best plane 
for agriculturally productive purposes requiring the greatest food intake; 
(3) it does not indicate palatability differences in the food; (4) the animal 
on the better ration whose food intake is limited, is hungrier than its pair- 
fed mate, and one may question whether animals differing in this respect are 
comparable^'; (5) this method is not suitable for long-time investigation, 
including fertility and longevity. 

The outstanding advantage of the ad libitum feeding method is that it 
places a premium on palatability, on food intake [often the best measure of 
nutritional quality of a feed or food, especially if the results arc expressed 
in terms of efficiency (eq. 20.1)], or of its reciprocal, pounds feed consumed 


% 

100 


§ 80 
Ck. 

O 


O 


4o 


520 

Q 

g O 






1 

; 



V 

(2 

y 


\ 

\ 

\ 




1 

1 


1 

\ 

1 

1 

1 

. / 
/ 


1 


\ 


(1) BIC 

(2) PR< 

DLOGK 

DTEIN 

■ 

: VALl 
ItETAIh 

■ 

J£ 

ied/fo 

CD INGl 
■ ‘ 

ESTED 

f 


2.0 


1.6 


1.2 


.8 O 


.4 






wn 

o 

u 

Cl 

0 

o 


s 

VI? 

O 


o 


% o 


lo ' 2o 3o 40 
EGG PHOTEIN IN DIET 


\ 


Fig. 20.3. Curve (1) shows that the apparent biological value of protein (iodines with 
increasing protein percentage in the diet; curve (2) shows that the ratio of protein re- 
tained to feed ingested increases with increasing protein percentage in the diet up to 
about 40 per cent, in spite of the decline in biological value. This chart was prepared 
by the writer from data by T. kS. Hamilton as quoted by II. H. Mitchell in I!)37. 


per pound live weight gained. From the agricultural viewpoint, the best 
ration is defined by the highest yield unit per feed consumed, regardless of 
feed consumption ievel (Fig. 20,3). Since the highest yield is usually asso- 
ciated with the highest food consumption level, the ad libitian method 
seems to be the more useful for practical comparisons of feed values. 

Sherman and Campbell^^ employ the ad libitum feeding method, interpreting the 
results by “the application of common sense” and the use of statistical methods (stand- 
ard deviation, probable error, and coefficient of variation of the means). Growth 
criteria for rats include the rate of growth of the young during the first 28 days after 
weaning, gain in weight per 100 Calories of food consumed, gain per gram of protein con- 


“ Boas-Fixsen, M. A., Nut. Abalr. Rev., 4. 450 (1934-35). Boas-Fix-sen, et al., Rxoc. J., 28, m (1934). 

M Campbell, H. L., “Growth, reproduction and lonKcvity aa researcli criteria in the chemistry of nutrition", 
Dissertation, Columbia University, 1928. Sherman, H. C., and Campl)cll, J . liiol. Chem., 97, j). iii (1932), Proc. 
Nat, Acad, Sci., 20,413 (1934). 
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sumed, Calories of food per gram of body weight per day, and average weights on the 
different diets at all ages. 

The reproduction criteria include ability to bear and rear young, average weight of 
young at weaning time, length of breeding period, and age of sexual maturity. Longev- 
ity records are kept. 

McCollum’s method” for the long-range effects of proteins consisted in feeding diets 
containing the same percentages of the proteins under comparison, and observing the 
performance (growth rate, fertility, and lactation for 2 generations). McCollum kept 
no record of feed intake assuming that rats consume food in proportion to their caloric 
(not protein) needs. Nor did McCollum make adjustment for maintenance or digestion 

expenses. 



Fig 20.4a. Indicates that the higher the protein percentage in the ration (that is, 
the lower the nutritive ratio, which is the ratio of the digestible protein calories to the 
digestible non-nitrogenous calories) the lower the apparent “biological value” of the 

protein (p. 778). 

20.4. Balance between nutrients. The above discussions on “nutri- 
tional wisdom” and “paired-feeding” methods indicate the dependence of 
nutritional welfare on a certain balance between the consumed nutrients. 

The mechanisms whereby certain dietary interrelations affect health are 
known or suspected in some cases. It is kno\vn, for example (Ch. 6), that a 

« McCollum, E. V., el al., J. Bid. Chem., 47. Ill, 139, 175, 207, 235 (1921). 
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certain amount of thiamine is necessary to oxidize in the body a given amount 
of carbohydrate. It is likewise clear that (when the protein in the diet is 
low) the proportion between the various dietary amino acids must approxi- 
mate those in the body tissues, milk, egg, and so on, produced by the animal. 
It is also clear, for example, that there is some one proportion or balance 
between the (undigestible) roughage and the (digestible) concentrates in the 



Fig. 20.4b. Indicates that the higher the apparent digestibility of a feed, the lower 
the apparent biological value of its protein. In other words, the apparent biological 
value of a protein varies inversely with its intake level (Ch. 4), There is no one definite 
biological value for a given protein. Figs. 20.4a and b, representing data on Holstein 
heifers, are from Swanson, E. W., and Herman, H. A., Univ. Missouri Agr. Exp. Sta. 
Res. Bull., 372, 1943 (see also pp. 757 and 778.) 

ration which is optimal for the animal or for the productive process, such as 
milk production®^. Some roughage is needed to stimulate peristalsis; too 
much roughage may take up space needed for digestible foods, and stimulate 
excessive peristalsis, thereby disturbing the normal time relations in the 
digestive sequence. Or it may adsorb and sweep out digestive juices, en- 
zymes, and digestible and even digested food. A dramatic illustration of 
balance between vitamins previously cited (Ch. 6) is the interrelation between 
biotin and avidin. 

« Moore, L. A., and Huffman, C. F., “Bulk as a factor in formulating grain mixtures for dairy cattle’', J . Agr. 

44, 789 (1932). Cole, H. H., and Mead, 8. W., Science, 98. 543 (1943). 
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Many types of necessary balance between foods or nutrients are not under- 
stood. For instance, dogs digest raw starch and raw egg when fed together, 
but cannot digest raw starch or raw egg when each is fed alone®®. Many 
other examples have been cited in the preceding section, such as that of 
Kleiber, who reported declining food utilization on declining calcium content 
in the ration, and that of Forbes, who reported declining food utilization on 
declining protein content in the ration. Similar declines in food utilization 
were reported on reducing phosphate®® and other inorganic constituents®^ 
Mitchell®® reported 40 to 50 per cent greater weight gains in chickens by add- 
ing one per cent common salt to a chick mash made up of 87 per cent com, 
10 per cent casein, 2 per cent cod-liver oil, and one per cent CaCOs. 

The following discussion relates to the mutually supplementary values of, 
or the balance between, proteins containing different available amino acids. 
The discussion is necessarily confined to non-ruminants since, as above ex- 
plained, they are not dependent on fine balance between the dietary amino 
acids. 

If two or more proteins possess the same limiting amino acids, they will 
not supplement one another. For instance, wheat, linseed, and cottonseed 
meals do not supplement one another because they are all deficient in the 
same essential amino acids, t.e., lysine and tryptophane. This explains the 
dramatic growth-accelerating effect of adding lysine and tryptophane to 
such rations (Fig. 20.5). On the other hand, milk and meat proteins (rich 
in lysine) and seed proteins (poor in lysine) do supplement each other. “Beef 
protein with a biological value of 69 and flour protein with a biological value 
of 55 when combined in proportion of 1 to 2 have a biological value of 73'’®^ 
Likewise, while each alone, corn or tankage, is of low nutritive value, the two 
in combination make a satisfactory feed for swine®®. The extremely high 
supplementary value of milk to cereals is discussed in detail elsewhere®^ 
(Sects. 20.2 and 21.2). 

Heating often changes the biological value of proteins. For example, 
heating milk tends to reduce the biological value of its protein®^ because milk 
contains lysine and cystine which are sensitive to heat. Beef-muscle pro- 
teins likewise suffer a reduction (about 10 per cent) in biological value on 

» Childrey, J. H., Alvarez, W. C., and Mann, F. C., “Digestion efficiency with various foods and under various 
conditions”, Arch. Inter. Med., 46, 361 (1930). 

M lvlciber,M., Goss, H.,and Guilbert, H. R.,J. Nut., 16.392 (1936). Riddell, W. H.,etal., Kansas Agr. Exp. 
Sta. Res. Bull. 36. 1934. Aubel, C. E., et al.. Id., Tech. Bull. 41, 1936. Eckles, C. H.. and Gullickson, T. W., 
Minn. Agr. Exp. Sta. Bull. 91, 1932. Morris, S., Bioc. J., 33, 1209 (1939). 

67 Kriss, M., J. Nut., 16, 385 (1938). Kriss and Smith, A. H., Id., 14, 487 (1937). 

6* Mitchell, H. H., and Carman, G. G., J. Biol. Chem., 68, 165 (1926). 

69 Mitchell, H. H., and Smuts. D. B., J. Biol. Chem., 95, 263 (1932). 

« Mitchell and Kick, C. H., J. Agr. Res., 35. 857 (1927). 

« See Hart, E. B., and Steenbock, H., J. Biol. Chem., 38, 267 (1919), for on early study of the relative supple- 
mentary values of milk, tankage, and alfalfa proteins. 

Fairbanks, B.W., and Mitchell,.H.H.,/.Aar./?M., 51, 1107 (1935). Henry, K. M., e/ o/.. “The effect of pas- 
teurization on biological value and digestibility of its protein”, Nat. Inst. Res. in Dairying, Reading, Eng., 1937. 
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boiling^. The biological value of beans — especially soybeans — is, on the 
contrary, greatly increased by lieating*^^. The biological values of fish®^ 
and nut proteins are apparently unaffected by heating. 

There is nothing novel about the idea that a diet or a ration needs to be 
well balanced for the needs of a particular process and that the waste of 
nutrients is least and the efficiency highest when the ration is most perfectly 
balanced. The novel aspect is the understanding of the mechanisms involved 
in terms of food composition and oxidation mechanisms (Ch. 0), especially in 
relation to the specific dynamic effect of foods (Sect. 2.3 and Ch. 4), and the 
relation between such avoidable wastes and thermodjmamically unavoidable 
expenses (Ch, 2) in the efficiency complex. 

QMS. GMS 




Fig. 20.5. Lysine and tryptophane are dietary-essential amino acids as demonstrated 
by the curve showing cessation of growth when rats are fed on a diet in which zein 
(which lacks lysine and tryptophane) is the sole protein, and good growth when this 
diet is supplemented by lysine and tryptophane. The curves on the right show simi- 
larly that threonine is a dietary essential not only for growth but, judging by weight 
loss, also for maintenance. 

Some of these ideas have been attractively, often dramatically, generalized 
such as Mitchell’s: “Probably . . . unbalanced rations, like toxic substances, 
exert harmful effects in proportion to the amounts consumed . . and 
“Each improvement in the nutritive balance of a ration improves the effi- 
ciency of its utilization. ... It is a rational deduction from Liebig’s law of 
the minimum’ that a deficiency of a ration in an indispensable nutrient 
will impair the utilization of all other nutrients and hence the net energy of 

** Morgan, A. F., J. Nut., 7. 367 (1934). See also J. Biol. Chem., 90, 771 (1931) (heat on casein and cereals.) 

Waterman, H. C., and Johns, C.O., J. Biol. CAcm . 46. 9; 47, 285 (1921). Hayward. J. W., e/ o^., 7. Nut., 11, 
219 (1936). Wilgus, H. S,, Jr., et al., Ind. Eng. Ck€m., 28, 586 (1936). 

“ Maynard, L. A., Ind. Eng. Chem., 24, 1168 (1932). Schneider, B. H., J. Agr, lies., 44, 723 (1932). Wilder, 
0. H. M., et al., Id., 49, 723 (1934). 

••Mitchell, H. H., Science, 80. 558 (1934). 
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the ration””; or Forbes’®® formulation of a “law of maximum normal nu- 
tritive value”, to the effect that a perfectly balanced ration is one in which 
there are “no nutritive deficiencies to compromise the significance of the net 
energy value”. 

These generalizations about balance between nutrients must not be taken 
in too narrow a sense. A ration is balanced not at a sharply defined point 
but in a rather wide zone with considerable freedom of change in propor- 
tions between the nutrients. This elasticity of balance between nutrients 
is of great practical importance because it pennits taking advantage of vari- 
ability of supply and price of various dietary components. 

The above generalization on dietary balance, moreover, needs broadening 
to include the time element, involving long-range effects, perhaps over 
several generations. For instance, it appears that very rapid groAvth in 
dairy calves induced by dietary means often leads in later life to particularly 
poor lactational performance. The same may be true as regards longevity, 
which may be depressed by rapid growth (Sect. 18.2.4). The method of 
assay by growth rate of rats is, perhaps, being over-emphasized. It was 
previously noted that some investigators judge the values of rations not only 
by growth rate but also by their effects on the whole life histories of the 
animals. This long-range method of dietary assay needs to be further ex- 
tended. 

20.6. General vitamin relations in nutrition. Chapter 6 was concerned 
wdth vitamins in relation to enzyme action in oxido-reduction processes. 
We shall here discuss the better-knov\Ti aspects of vitamins in the nutrition 
of different species (Fig. 20.6). 

It may be useful to recall that 15 vitamins have been isolated, namely, 
A, D, E, K, Bi (thiamine), B 2 or G (riboflavin). Be (pyridoxine) , C (ascorbic 
acid), niacin (nicotinic acid), pantothenic acid (“filtrate factor”), biotin, 
inositol, p-aminobenzoic acid, choline, and Bo (chick antianemic factor, ob- 
tained from the norite eluate fraction of liver extract, probably identical 
with or a component of “folic acid”, an essential growth-accelerating factor 
for Lactobacillus caseii). There are several other vitamins which are not 
well known, such as vitamin P or citrin, vitamins®®” Bio and Bn, and so on. 

Not all these vitamins are needed in the diet of all species of higher ani- 
mals. For instance, as previously explained, ruminants are not dependent 
on their feed for the water-soluble vitamins. Indeed, if they have access 
to bright simshine, ruminants are dependent on their feed for only one vita- 
min, A, or rather for the provitamin A, carotene (plants have no vitamin A), 
and the demand for this vitamin in ruminants is very large, perhaps ten-fold 
the theoretical minimal need®® because much of it is destroyed in the rumen. 

MitclieU, H. H., "Conference on energy metaboILsm”, National Research Council, 1935, p. 83. 

«» Forbes, E. B., Science, 77, 300 (1933). See also Forbes, ref. 42 (1944). 

^ Elvehjem, ei al.p Ptoc. Atn. Chem. Soc., p. 15B (1944). 

«» Hart, G. H.. Nui. AbBtr.Rev., 10* 261 (1940). 
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Ihen, too, diftorcnt species utilize caroteiu' with different (*fnciencies. Poul' 
try utilize it much more efficiently than catth^ or even swine. ]\Ian can 
utilize about GO per cent ot dietary caiotene, that is, tlu^ A'itainin A ecjuivalent 
of carotene for man is only a little over lialf that of fish oil vitamin A'". 





Fig. 'I'ypical appeiUiiacc of aiiiinals sutTering from vitamin (IcficitMicv : 
ijf vitamin D in a calf InpP*'*' vitamin A in a calf (middle left), vitamin Hi in a 

(diick (lower I('fl), scurvy in a guimvi i)ig, nicotinic acid in a dog. vitainin in swine, 
vitamin A in a cliicken (ui)per right i. I' rom U. (Iraharn and II. II. Mitchell, ('ircnlar 
lU), Fniv. III. Agr. Iv\p. Sta. 


The storage capacity for vitamins also differs. \*itamiri A is rapidly stored 
in largo amounts and used as needed'^ Vitamin A appears to bo iietMled 
by all species of mammals and birds. 

Dietary ascorbic acid (and citrin?), on th(^ other hand, is apparently nctxh'd 
l)y anthropoids and guinea pigs only. 


Uooher, L. K.. cl al . J. Nut., 17, 317 (1939). 

(iuiUHjrt, H. \{ , uri.l Hart. ('•. H.. J. \ut.. 8. fiy34>. 
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Dietary nicotinic acid is not needed by the rat, mouse, and chick, but it 
is apparently needed by the other species investigated (except, of course, 
ruminants). 

Dietary thiamine, riboflavin, pyridoxine, and pantothenic acid are ap- 
parently needed by all species investigated (except ruminants), but variable 
amounts of these vitamins are also produced by microorganism in the diges- 
tive tracts of all species, even in man^^ 

Dietary vitamin E does not appear to be needed by goats and swine^^®, but 
it is definitely needed by the rat, mouse, hamster, guinea pig, rabbit, chick, 
turkey, dog, and duck. 

p-Aminobenzoic acid is apparently produced by microorganisms in the 
digestive tract in sufficient amounts to meet all needs. This is indicated 
by the fact that feeding sulfa drugs (which inhibit these microorganisms 
from producing PAB, see Sect. 7.1) leads to deficiency symptoms, cured by 
administering of PAB’^^. Normally, biotin and vitamin K are apparently 
also produced by intestinal bacteria in sufficient amounts to meet all human 
adult needs. If, however, sulfanilimides are included, dietary vitamin K is 
needed by the rat, mouse, guinea pig, rabbit, pigeon, chicken, duck, goose, and 
canary, and dietary biotin is needed by chickens and turkeys. 

Dietary choline is needed by the rat, rabbit, chicken, turkey, and dog. 

Dietary inositol is needed by the mouse and chick. 

The natui'e of the diet tends to influence the vitamin need, not only be- 
cause of its effect on the vitamin-producing activity of intestinal microor- 
ganisms but also because thiamine, for example, is more involved in carbo- 
hydrate-rich^® than in fat-rich or protein-rich^^ diets. 

Some processes, especially reproductive, such as gestation, lactation, pro- 
duction of fertile eggs, appear to need extra vitamin supply. 

Age influences the amount of dietary vitamin need. Old age is usually 
associated with decreased utilization and, therefore, with need for larger 
intake of vitamins’®. Youth and rapid growth also call for increased vita- 
mins, but for different reasons. Heuser’® believes that the riboflavin need 
in chicks is not proportional to the feed consumption or to the body weight 
of young animals but to the relative growth rate; during the first week of 
growth chicks require over threefold riboflavin per unit food consumed than 
during the eighth week. 

The need for pantothenic acid is particularly high in early life when growth 
is most rapid. Thus rats seem to need four times the pantothenic acid at 

"* Najjar, V. A., and Holt, L. E., Jr., “Biosynthesis of thiamine in man”, J. Am. Med. Asan., 123, 683 (1943). 
Holt and Najjar, Lancet, 63, 366 (1943). 

72“ McRoberts and Hogan, J. Nu(., 28, 165 (1944). 

7*6 Elvehjem, C. A., Am. Scientist, 32, 35 (1944). 

7* Arnold, A., and Elvehjem, C. A., Am. J. Physiol., 126, 289 (1939). 

7^ Wainio, W. W., J. Nut., 24, 317 (1942). 

7S Irving, J. T., and Richards, M. B., Nature, 144, 908 (1939). • 

7« Heuser, G. F., et al., Poultry Sei., 17, 105 (1938). 
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3 weeks than at 10 weeks^^. Smaller-younger (growing) animals need more 
pantothenic acid per unit body weight than the heavier-older’® animals. 

As most vitamin investigations involving the use of highly purified diets have been 
conducted on rats, the dietary requirements of this species are best known. Several 
investigators, indeed, succeeded in growing rats on synthetic diets composed of dextrose, 
casein, hydrogenated oil or corn oil, and salt mixture supplemented with 8 vitamins: 
A, D, E, thiamine, riboflavin, pyridoxine, calcium pantothenate, and choline”. The 
males were apparently fertile, but not the females. One group of investigators re- 
ported®® that young could not be obtained on this diet even if supplemented with nico- 
tinic acid because “in each case the female apparently destroyed the male”. 

More recent reports indicate rearing of rats through 3 to 4 generations on diets com- 
posed of dextrose, casein, hydrogenated oil, salts, cod-liver oil, supplemented with 6 
other vitamins: thiamine, riboflavin, pyridoxine, nicotinamide, pantothenic acid, and 
choline®*; or on diets composed of sucrose, casein, salts, corn oil, halibut-liver oil, sup- 
plemented with thiamine, riboflavin, pyridoxine, nicotinic acid, pantothenic acid, cho- 
line, and a-tocopherol®2. The rearing is apparently associated with lactation difficulties. 

Normal growth and fair reproduction in rats were observed by the Missouri investi- 
gators®® on synthetic diets supplemented with 12 vitamins: A, D, E, K, thiamine, ribo- 
flavin, pyridoxine, pantothenic acid, nicotinic acid, choline, inositol and p-aminobenzoic ' 
acid. Some factors present in beef-liver extract and absorbed therefrom on fuller’s 
earth increase the weaning percentage to 90 per cent and better, apparently by its favor- 
able effect on the composition of the milk, because without it the young rats die, although 
the stomach is filled with milk. Yeast does not furnish the missing factor to rats®* or 
rabbits®®. In some cases the difficulty may be quantitative; there may not be enough 
of certain vitamins in the diet. Lactation makes especially large demands on p-amino- 
benzoic acid, thiamine, and riboflavin®®. Such difficulties would not occur in ruminants 
that produce their own B vitamins. 

The question of whether or not a given diet is adequate depends on the physiologic 
age and length of the experimental period. A given diet may be adequate for a short 
period at a given age but not for a longer period, or for another age interval. The follow- 
ing nitrogen-free dietary base has been recently used®^ for 4-week feeding periods in 

rats. 


Thiamine hydrochloride . 

224 

meg 

Choline chloride 

. . 134 

mg 

Riboflavin 

400 

meg 

p-Aminobenzoic acid . . 

1. 

0 mg 

Pyridoxine hydrochlo- 



Cod-liver oil 

2 

g 

ride 

243 

meg 

Corn oil 

. . 10 

g 

Calcium pantothenate. . . 

1.5 

mg 

Salt mixture 

4 

g 

Nicotinic acid 

2.5 

mg 




Starch and amino acids 






to make 

100 

g 





” Unna, K., and Richards, G. V., J. Nui., 23. 45 (1942). 

Schaefer, A. E., et al., J. Biol. Chem., U3. 321 (1942). 

Richardson, L. R., Hogan, A. G., Ix>ng, B., and lUchncr, K. F., Proc. Soc. Exp. Biol. Med., 46, 530 (1941). 
« Frost, D. V., et al.. Id., 46, 407 (1941). f 

« Unna, K., et al., J. Nut.. 22. 553 (1941). 

Henderson, L. M., et al., Id., 23. 47 (1942). 

•* Richardson, Long, and Hogan, Proc. Div. Biol. Chem., Am. Chem. Soc., p. 4, 1942. 
w Ball, Z. B., and Barnes, R. H., Proc. Soc. Exp. Biol. Med., 48, 092 (1941). 

“ Hogan, A. G., and Hamilton. J. W., J. Nut., 23, 533 (1942). 

“ Sure, B., Univ. Ark. Agr. Exp. Sta. Bull. 252, 1930, and 425, 1942; J. Nut., 19, 57 (1940); 22. 499 (1041); 26. 
276 (1943). 

Albaneao, A. H., and Irby, V., Science, 98, 280 (1943). Kinsey, V. E., and Grant, W. M., Id., 99, 303 (1944). 
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The optimal vitamin proportions in human nutrition are usually said to be 1 mg 
thiamine: 2 rag riboflavin: 10 mg nicotinic acid: 30 mg ascorbic acid: 4000 I. U. vitamin 

A; 400 I. U. vitamin D. 

The quantitative aspects of vitamin need— the amounts required in rela- 
tion to body size and to food consumption — have been discussed in Chapter 
15. The conclusion there reached was that the B vitamins, which function 
as general metabolic catalysts, are needed in direct proportion to the total 
energy metabolism, or in direct proportion to the total caloric food intake. 
Thus the minimal thiamine need appears to be about 1 meg thiamine per 
gram drj'^ food consumed, or about 300 meg per 1000 Calories energy metab- 
olism. The optimal thiamine need is, perhaps, 500 to 1000 meg (0.5 to 1.0 
mg) per 1000 Calories metabolism. The minimum riboflavin need per food 
Calorie appears to be about twice the minimum thiamine need. 

The need for the specialized fat-soluble vitamins, and particularly for vita- 
min A, seems to be in proportion to simple body weight rather than to energy 
metabolism. The minimal vitamin A need appears to be 2 to 4 meg per 

pound live weight, regardless of species. 

Because of the large literature on the quantitative vitamin needs of differ- 
ent animals, the quantitative data together with the references are presented 
in the following tables prepared with the cooperation of Dr. V. F. McRoberts. 

Special attention is called to the vide range of data by Guilbert and asso,- 
ciates and the remarkable consistency of the ratio of vitamin A to unit body 
weight in animals of such wide range in live weight. The vitamin A need 
for poultry (data not by Guilbert) appears to be much higher than for mam- 
mals. 

In this connection it may be helpful to have recorded the quantitative vitamin unit 
equivalents. Vitamin A is usually represented in I. U. (International Units) or U. S. P. 
units (identical with I. U. for vitamin A) ; thiamine and riboflavin in mg or in meg (micro- 
grams or gamma, which is 1/1000 mg or 1/1,000,000 g); ascorbic acid and nicotinic 

acid in mg. The equivalents are: 

1 I. U. vitamin A = 1 U. S. P. unit = 0.6 meg B-carotene. (The Sherman-Munsell 
unit of vitamin A, about 1.4 I. U. vitamin A, is defined by the amount needed to 
support growth in a “standard rat” for 8 weeks at the rate of 3 g per week.) 

1 mg thiamine = 333 1. U. 

1 I. U. thiamine = 3 meg thiamine hydrochloride 
mg riboflavin = 1000 I- U. 

(1 Sherman-Bourquin unit riboflavin = 2.5 meg or 
1 meg = 0.4 Sherman-Bourquin unit) 

1 mg l-ascorbic acid = 20 I. U. 

1 Sherman unit ascorbic acid = 10 to 15 I. U. 

1 I. U. vitamin D = 0.025 meg crystalline vitamin D, or 
1 meg vitamin D (calciferol) = 40 I. U. 

1 Stcenbock unit vitamin D = 3.3 I. U. 

The vitamin content of food is often expressed in terms of micrograms per 100 gm of 
the food. It is useful to remember that 100 g is 3i oz, the usual weight of a serving (3J oz 

= 99.2 g; 4 oz = 113.4 g). 
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The miiiinuil vitamin need is estimated** by the minimal intake wliich ptM iuils normal 
growth and development in the young of a given age; or in adults the minimal intake 
which prevents development of typical lesions ancl/or loss in weight. The minimal 
amount of the vitamin required to cure deficiency symptoms is also used. The latter 
method gives higher values and some of the published differences in vitamin need are due 
to these differences in method employed. Vitamin A deficiency in man by the dark- 
adaptation method as used by Booher is more sensitive than the night-blindness test 
used by Guilbert, with corresponding apparently higher vitamin A needs in man than in 
farm animals. 

T. he estimation of the amounts of vitamin in food®* is done in several ways, including 
chemical determination, growth rate of an appropriate assay animal, and for the mem- 
bers of the B complex vitamins, by microbiologic methods. 

Since yeast, molds, bacteria are specific in their nutritive rciiuirements, the growth 
rate of the microorganism under controlled conditions is directly proportional to the 
vitamin concentration in the test substance. \’’arious strains of yeast (Saccharomyccs 
ccrevisiae) are used for estimating** thiamine, ipyridoxinc, biotin, inositol. Growth 
rate is measured by the rise in medium turbidity or CO 2 accumulation. Pyridoxine may 
also be measured*® by weighing the mycelium of the mold Neurospora sitophila. Lacto- 
bacillus caseii is employed*^ for estimating riboflavin, biotin, and pantothenic acid. The 
measurement consists in titrating the lactic acid produced during a given growth period. 
Lactobacillus arabinosus is employed** for estimating niacin. 

Ascorbic acid is usually estimated by the chemical method of Bessey and King*^. 
The food sample is extracted and the extracted ascorbic acid is titrated with 2,6-di- 
chlorphenolindophenol, a deep purple dye in neutral solution. The dye is reduced by the 
ascorbic acid to a colorless form. The quantity of dye reduced is a measure of the as- 
corbic acid. Certain types of materials, however, yield misleading results, in which 
case the Sherman guinea pig method is used*'. 

Depending on the nature of the material tested, vitamin A may be estimated (for 
fish oils) spectrophotoinetrically or colorimetrically through its reaction with antimony 
chloride or (for plant material) extracting the carotene pigments and estimating, or by 
the growth method*®. 

Vitamin D is estimated by confining young rats for 3 weeks to a ricket producing diet, 
followed by 8-day feeding of the test material. On the eleventh day the animal is 
sacrificed and the tibia, or radius, or ulna dissected out, cleaned, finally immersed in 
silver nitrate solution and exposed to light. Silver is deposited where calcium is present 
in the metaphysis of the bone forming a dark line, indicating the extent of calcium de- 
position, and the degree of healing due to feeding the test food. This is the “line test’**® 
for vitamin D, Other methods are also used, such as roentgenological examination 
of the animal or determination of the bone ash. 

Vitamin K is estimated by the blood clotting time*®. 

** For a recent e.xtcnsive discussion of many vitamin phases, including methods for estimating needs, sec 
"Symposium on vitamins”, /xjncf^, 63, 360 {1943). Joliffc, N., ct of., 7. Am. Assn., 118, 944 (1942), Kruse, 
H. D., Id., 121. 584 , 669 (1943). 

** Williams, R. J., etal.. Pub. 4137, Univ. Texas, 1941 ; J. Am. Chem. Soc., 62, 175 (1940). Schultz, A. S., ci al., 
Ind. Eng. Chem. (Anal. Ed.), 14, 35 (1942); 15, 141 (1943). 

>■> Stock, J., el al. J. Biol. Chem., 150. 17 (1043). 

•iSnell,E.E..r/a/.,/nd. CAcm. (Anal. Erf.). 14, 346 (1939);J.Riof.CAcm., 135,213 (1940). Shull, G.M., 
etal.. Id., 142, 913 (1942). 

« Snell, E. E., and Wright, L. D.. J. Biol. Chem., 139, 675 (1941). 

« Besaey, 0. A., and King, C. G., J. Biol. Chem., 103, 687 (1933). 

Sherman, H. C., elal., J. Am. Chem. Soc., 44, 165 (1922). Sec also Am. J. Pub. Health, 19, 1309 (1929); /. Agr. 
Bee., 42, 36 (1931). 

” Pharmacopeia of the United States, 1940 (pp. 635-^3). Moore, L. A., and Ely, K., Ind. Eng. Chem., 13, 600 
(1041). 

*• Anabacher, S., J. Nut., 21. I (1941). Almquist, H. J., Physiol. Rev., 21. 194 (1941). 
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To sum up, this section discusses briefly the known vitamins important 
in nutrition, lists and discusses data in tabular form, together with refer- 
ences to the literature on vitamin needs of different species and the influ- 
ences of several conditions (age, growth rate, etc.) on these needs (see follow- 
ing tables). To render the vitamin needs concretely, one may inspect 
Tables 20.1 to 20. le (appendix) showing the dietary standard needs in human 


Minimum Vitamin A Requirements 
(1 I.U. vitamin A = 0.6 meg i3-carotene = 0.21 meg vitamin A) 


Species 


Rat 


Dog 


Poultry: 

600-g. chick 
8 wks. old 
Chicks 

Birth-12 wks. 

12 wks. maturity 
Laying hens 
Chicks 
Laying hens 
Turkeys 
Laying hens 


Swine 


Sheep 


Cattle 

Dairy calves 
Reproducing 
Mature 


Horse 


Man 


Reported requirement 


^-Carotene 


1^20 meg/kg/day 


125 mcg/100 gm feed 
50-100 mcg/100 gm feed 
i25-l50 mcg/100 gm feed 
200 mcg/100 gm feed 
500 mcg/100 gm feed 
125-175 mcg/100 gm feed 
450-600 mcg/100 gm feed 
iOOO mcg/lOO gm feed 
2.i mg/lb. feed 


4 mg/lOO Ibs/day 
25-39 meg/kg/day 
30 meg/kg/day 


25- 35 meg/kg/day 

26- 33 meg/kg/day 
11 mcg/lb/day 
40-45 mcg/lb/day 
66 meg/kg/day 


20-30 meg/kg/day 


Vitamin A 


4. 6-5. 3 meg/kg/day 


23-43 I.U./kg/wk 


150 I.U./lOO gm feed 
80-160 I.U./lOO gm feed 


4.4-6.3 meg/kg/day 
50 I.U./kg/day 


4. 3-6. 3 meg/kg/day 


5. 1-6.4 meg/kg/day 


4. 2-5. 3 meg/kg/day 


20-30 I.U./kg/day 
2^55 I.U./kg/day 


Requirement 
(mcg/Ib. body 


wt/day) 

Ref. 

Caro- 

tene 

Vit. A 


7-9 

2-3 

1 


2-4 

2 



3 

50 


4 

15-30 


5 

55-70 



60 


6 




30-42 


7 



7 



7 

! 


8 

40 


9 

n-18 

2-3 

1 

14 

5 

10 

11-16 

2-3 

1 

11-15 

2-3 

1 

11 


11 

40-46 


12 



11 

9-13 

2-3 

I 


2-3 

13 


2-3 

14 


I Ouilbert^H. R.. Howell, C. E., and Hart. G. H., J. Nut., 19, 91 (1940). 
a Grimm, P. D., and Short, D. M., Am. J. Physiol., 118, 477 (1936). 

* Ringrose, R. (J., and Norris, L. C., Poultry Set., 15, 390 (1936). 

♦ Sherwood, R. M., and Fraps, G. S., Texas Agr. Exp. Sta. Bull. 528, 1936. 

^ Record, P. R., et al., Poultry Sci., 16, 25 (1937). 

• Sherwood and Fraps, Texas Agr. Exp. Sta. Bull. 583, 1940. 

’ Sherwood, Proc. 7th Int. World Poultry Congress, page 123, Cleveland, 1939. 

< Almquist, H. J., and Mecchi, Poultry Set., 18, 129 (1939). 

» Dunlap, G.. J. Agr. Sci. (Engl.\ 25. 217 (1939). 

Lund, A., Nut. A6s. and Rev., 8. 894 (1939). 

»» Brande, R., et al., Biochem, J., 35, 693 (1941); Moore, L. A., et al, J. Nut., 26, 649 (1943). 
» Kuhlman, A. H., and Gallup, W. D., Proc. Am.Soc. An. Prod., 33, 67 (1940). 

» Booher, L. E., “The vitamins,” Am. Med. Ass. p. Ill, 1939. 

Booher, et al, J . Nut., 17, 317 (1939). 


nutrition and the composition of some foods in Table 20.2. The follow- 
ing values in relation to the daily standards for a 70-kg (145-lb) person 
may also be helpful. 

Vitamin A need: 5000 I.U. a day, about 75 I.U. per kg body weight. A 100 g or 3| oz 
portion of beet tops contains about 21,000 I.U. vitamin A (in the form of carotene); 
spinach 8000 I.U.; mustard greens 11,000 I.U.; carrots 1000 I.U.; squash 1000 I-U.; 
sweet potato 11,000 I.U.; liver 9000 I.U.; butter 2500 I.U. 
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Thiamine need: 1.8 to 2.3 mg a day. A serving of 100 g or 3J oz pork contains about 1 .4 
mg thiamine, nearly the full daily need, but 100 g fish or poultry supplies only 0.12 gm; 
100 g (4 slices) whole-wheat bread supplies about 0.3 mg, but white bread supplies only 
0.09 mg; 1 oz dry brewers yeast 1.6 mg; 1 pint milk, 1 oz peanuts, 10 oz oatmeal, 5 oz 
potatoes, each supplies about 0.22 mg; 1 egg supplies 0.12 mg. 

Riboflavin need: 2.2 to 3.3 mg per day. 100 g (3J oz) portions supply the following 
amounts of riboflavin: liver 2.5 mg; beef heart 0.7 mg; beef chuck 0.3 mg; fish, as cod or 
haddock, 0.2 mg; 1 pint milk 1.0 mg; 1 egg 0.2 mg, 

^ Ntacin or jiicotinic acid iieed: 15-25 mg per day, 100 g or 35 oz portions contain the 


Minimum Thiamine Requirements 


Species 

Reported requirement 

« 

Calculated re- 
quirement 
(mcg/IOO gm 
diet) 

Ref. 

Mouse 

10 meg mouse/duy 


I 

Hat 

80-100 mcR/IOO gm diet 

80-100 

2 


12.5 meg/rat/day’* 

125-250 

3 

Chick.s 

60 meg/ 100 gm diet 

60 

4 

Chicks A turkeys 

60 meg, 100 gm diet 

60 

5 

Chicks 

130-150 meg 100 gm diet 

130-150 

6 

Dogs: 




Low*fat diet 

75 incg/100 gm diet 

75 

7 

56.5%-fat diet 

27.5 mcg/IOO gm diet^ 

75 

•t 

Swine 

1 mcg/IOO Ibs/day® 

50 

$ 


37 meg/kg/day 


9 


80-94 mcg/IOO gm feed*^ 

SO-04 

9 

Man 

0.22 mg/IOOO Calories of diet® 

SS-110 

10 

Infant 

80 units/day 


11 


* It is assumed thatagrowinj? rat will eat l)et ween 0 and 12 grams of feed daily. 

The author of the reference cited ba.sed this figure on 100 grams protein and carbohydrate of the high-fat diet 
It is assumed that a pig weighing al>out 100 lbs will consume approximately 2 kg Iced per 100 lbs live weight 
per da V, 

1 he authors of this report estimate that their ration contained 75 per cent carbohydrate and protein; u.sing 
this figure, they conedude that growing pigs re(iuire between lOGnnd 125 meg thiamine per 100 grams carbohydrate 
and protein. 

® It is assumed that 1 gram of diet in equivalent to 4 or 5 Calories. 

1 Houschildt, J. D^/Voc. Soe. Exp. Dwt. <(• Med., 49, 145 (1942). 

» Arnold, A., and Elvehjem, C. A., J. Nut., 15, 429 (1938). 

•Supplee, G. C., et al.. Id., 20. 109 (1940). 

* Arnold and Elvehjem, Id., 15, 403 (1938). 

* “Food and Life,” U.S.D. Agr. Yearl)ook, p. 816, 1939. 

* Jukes, T. H., an<l Heitman, H., J. Nut., 19, 21 (1910). 

’ Arnold and Elvehjem, Am. J . J*h}/stol., 126, 289 (1939). 

* Hughes, E. n.. J. Nut., 20, 239 (1940). 

* Van Etten, C.. el al.. Id.. 20. 607, 1940. 

Williams, K. U., et al., Arch. Int. Med., 69, 721 (1942). 

“ Knott, E. M., Proc. Soc. Exp. Biol. «.C Med., 45, 765 (1940). 


following amounts: liver 20 mg; pork 8 mg; dried brewers yeast 50 mg; beef or fish 6 
mg; veal 10 mg; whole-wheat bread 2 mg and white bread 0.75 ing. 

Ascorbic acid need: 75 mg a day, approximately 1 mg per kg body weight. } grape- 
fruit (7 oz) contains 80 mg; 1 orange (5.5 oz) 75 mg; 100 g fresh raw cabbage 80 mg; 100 
g lettuce 15 mg; 100 g green pepper 170 mg; 100 g tomatoes 30 mg; 100 g lemon, grapefruit, 
orange, or tangerine 45 mg; 100 g or 100 cc juice of lemon, grapefruit, or orange 40 to 
50 mg; 100 g peeling of lemon, grapefruit, or orange 200 mg; 100 g turnip or potato 
30 mg; 100 g carrots 7 mg. 

20.6. Vitamins in relation to the neuro-endocrine and neuro-muscular 
systems. The relation of vitamins to the nervous system is of particular 
human interest not only because the mental condition in man is particularly 
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important, but also because man manifests certain mental disorders not shown 
clearly or investigated conveniently in laboratory or farnl animals. This 
is, of course, due to the high development of the human brain (Fig. 10.1, 
and Sect. 10.9), affording a favorable substrate for the development of mental 
disorders, to the relatively slow growth rate (Ch. 16) and long life span (Chs. 
18 and 19), which permit slow-acting nutritional deficiencies to produce 
pronounced nervous and mental effects. 


Estimated RiboHavin Retiuirements 





Requirement 


Species 


Reported requirement 

i 

calculated 
to mc^/100 gm 

Reference 

Rat 


10 meg/rat/day® 

80-160 

1 



18 meg/rat/day^ 

144-288 

2 

Poultry: 


290 mcg/100 gm feed® 



Chicks 


290 

3 

Chicks 


60 Sherman units/lOO gm feed 

150 ! 

4 

Chicks 


100-350 mcg/100 gm feed 

100-350 

5 

C)hicks 


190-200 mcg/100 gm feed 

190-200 

6 

Hens 


230 mcg/100 gm feed 

230 

3 

Egg production 
Hatcnable eggs 


100-130 racg/100 gm feed 

245 mcg/100 gm feed 

100-130 

245 

7 

7 


2.5 mg/lb. feed 

573 

8 



220-230 mcg/100 gm feed 

220-230 

6 

Dog 

200-400 mcg/100 gm feed** 

200-400 

9 

11.3 mcg/lb/day 


10 

Swine 

1-3 mg/100 Ib/day® 

50-150 

11 

Man 

1 

35-60 meg/kg/day* 


12 


° lb is assumed that a growing rat will eat about 6-12 gm feed daily. The value 10 mcg/day was not reported 
as a minimum requirement; it merely represents the level fed in a purified diet which was used in studying a 
dehciency of pyridoxine. 

^ It is again assumed that a young rat will consume about 6-12 gm. feed daily. The value 18 mcg/day was the 
minimum amount of riboflavin which would support normal growth on a low-fat diet; it was not enough to sup- 
port growth on a high-fat diet. 

® 1 meg = 0.4 Bourquin-Sherman Unit. 

^ Judging from Elvehjem’s data and the fact that he fed the supplement only once a week, it is believed that 
the minimum ri^flavin requirement of the dog is nearer to 200 than to 400 mcg/100 gm feed. 

® It is assumed that a pig will eat about 2 kilograms of feed per 100 lbs live weight per day. 

^ These values for man are based on the amount necessary to maintain normal levels of riboflavin in the urine. 
Sebrell states that the minimum daily requirement is nearer to 35 than to 60 meg per kilogram of body weight. 

I Supplee, G. C., et ol., J. 20, 109 (1940). 

* Mannering, G. J., al., Proc. Soc. Exp. Biol, dt Med., 46, 100 (1941). • 

* Norris, L. C., el al., Cornell Agr. Exp. Sta. Bull. CCO, 1936. 

* Jukes, T. H.. Poultry Set., 17. 227 (1938). 

» Heuser, G. F., el al, Id., 17. 105 (1938) 

» Hunt, C. H.. et al. Id., 18. 330 (1939). 

^ Davis, H. J., et al. Id., 17. 87 (1938). 

® L€pko\'sky, S., et at., Ililgardia, 11. 571 (1938). 

® Axelrod A. E., et al, Am. J. Phyeiol, 128, 703 (1939). 

Street, H. R., and Cowgill, G. R., Am. J . Physiol, 125, 323 (1937). 

II Hughes, E. H., J. Nut,. 20. 233 (1940). 

1* Sebrell, W. H.elal, Public Health Repts., 56, 510 (1941). 


Because of their intimate integrative effects on the organism as a whole, 
it is often difficult to separate nervous from endocrine disorders. For in- 
stance, as shoAvn by Pavlov, Cannon, Crile, and younger contemporaries, 
the nervous system acts on the adrenals, thyroid, pituitary, gonads, islets of 
Langerhans, and other glands, and the secretions of these glands in turn act 
on the nervous system, in a sort of a circle, sometimes (in disease) in a vicious 
circle (Sects 10.8 and 18.2.3). 










NUTRITIONAL ASPECTS IN EEFICIENCY COMPLEX 


77 \ 


The dietary influence on the cndocrines may be of specific or general nature. 
For instance, iodine deficiency leads to various thyroid abnormalities, ranging 
from relatively harmless goiter to hopeless cretinism”. This is understand- 
able, since iodine constitutes 65 per cent of the thyroid hormone. Some 


Nicotinic Aciil (Niacin) Requirements 


Species 


Reported requirement 


r>OK 


Reference 


Monkey 


0.2-0. 5 mg/kp/day 
0.6-1. 5 mg/kK/day 
10 mg .semi-weekly'* 
0.25 ing/kg/day 

2.5 mg.^kg/day 


Swine 


13.7 mg/lOO lbs/day‘ 
2 mg/ kg /day'* 


1 

•> 

:i 

4 


6 

7 


“ The dog used in this experiment weiglied 7.25 kg. 

‘ Th<»e valu^ for swine represent levels of niacin fed as .supplements to a purified diet ond-do not necessarily 
represent the minimum requirement for swine. un.vuuu-no not netessariij 

‘ Mnrgolis, G., et al., J. Nui., 15. 541 (1938), 

* Elvohjcm, C. \.,et al, J. BioL Chem., 123. 137 (1938). 

» Sebrell. W. H.. J. Nut.. 16. 355 (1938). 

< Birch, T. W., Id., 17. 281 (1939). 

^ Harris, L. J.. Biochem. J., 32. 1479 (1938), 

< Hughes, K. H., liilgardia, II, 595 (1939). 

• Wintrohe, M. M., Am. J BhysioL, 126. 375 (1939). 


Pantothenic Acid Requirements 

Species 

} 

Reported reejuirement 

Reference 

Mouse 

30 mcg/day“ 

1 

Rat 

1 80 meg/day*' 

100 ineg/day** 

1 2 

3 


100 meg/day i 

4 


50-75 meg/day 

5 


100 mrg/day at 3 weeks of age 

6 


25 meg/day at 10 weeks of age 

0 

Chick 

1 .4 mg/100 gm feed 

1 

7 


600 meg/ 100 gm feed® 

8 

Dog 

100 meg/kg/day** 

9 

Swine 

IL .1 * • » 

7.8-11.8 mg/100 Ib/day** 

10 


Kiuwi.li ui luict; iruiii iu w .4U 

“ For growt h. 

^ A slight difTcnco in the requirement for pantothenic acid was observed in different breeds 
This amount is for growth ; much less is required for adult animals. 

' Sandza, J. G., and Cereccdc, L. R., J . Nut., 21, 609 (1941). 

»Unna, K., J. Nut., 20. 565 (1940). 

•Henderson, L. M., ct at., Id.. 23, 47 (1942). 

• Daft, F. S., et al.. Public Health Reports, 55. 1333 (1940). 

• Gydrgy, P., and roling, C. E., Science, 92, 202 (1940). 

• Unna and Ricliards, 0. V'., J. Nut., 23, 545 (1942). 

'Jukes, T. H., J. Biol. Chem., 129, 225 (1939). 

• Bauernveind, J. C., Poultry Sci., 21. 142 (1942). 

’ Schaefer, A. K., et al., J. Biol. Chem.. 143. 321 (1942). 

Hughes, E. H., and Jttner, N. R., J. Animal Sri., 1. 110 (1942). 


excess iodide intake is, on the ottier hand, liarmless; it is excreted. Less 
specific are the thyroid liypertrophy in ^’itamin deficiency (McCarrison, 
Sure), and thyi-oid depression [including depression of the metabolism ac- 
celerating effect of thyroxine (Drill, Drummond) ] in vitamin A excess’^. 


See Section 7.3.2A for the literature. 
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Ascorbic acid also affects the thyi-oid. Massive ascorbic acid depresses 
the metabolism-accelerating effect of thyroxine (Belasco and Murlin), and 
ascorbic-acid deficiency (in guinea pigs) hypertrophies the thyroid with 
hemorrhagic infiltrations and affects adrenocortical hormone production. 

A curious effect of thyroid is that in its absence carotene cannot be con- 
verted into vitamin A. AMiile normal herbivors fed good roughage do not 
suffer from vitamin A deficiency because they utilize the carotene in the 
roughage, thyroidectomized herbivors develop serious lack of A on good 
roughage. 

It would, then, appear that hyperthyroidism and Graves disease would 
be ameliorated by massive doses of ascorbic acid and vitamin A, especially 
since hyperthyroidism tends to damage the liver and thus interfere with 
vitamin A storage, and that hypothyroid individuals, not able to utilize 
carotene, should be fed vitamin A as such (not carotene). 

Since thyroxine accelerates the metabolic rate of all nutrients, including 
vitamins, the accelerated metabolism of hyperthyroidism is likely to develop 
into dietary deficiency for some nutrient consumed at a relatively low level. 
This special deficiency may mask or confuse the thyroid abnormality. For 
instance, the high pulse rate associated with hyperthyroidism may be con- 
fused with or masked by the low pulse rate associated with thiamine defi- 
ciency. 

Similarly, vitamin D and calcium deficiency may be the outstanding 
symptoms in hyperthyroidism since, under the influence of thyroxine, the 
rate of calcium catabolism tends to parallel that of energy and nitrogen 
metabolism. 

One of the very interesting relations between an endocrine and a vitamin 
is that between the parathyroid and vitamin D, both of which are regulators 
of calcium and phosphorus metabolism, but in different ways (Sect. 7.5). 
While the primary function of the parathyroid is to maintain constant the 
blood-calcium level, that of vitamin D is to catalyze calcium assimilation 
into bone. The parathyroid weight increases with increase in calcium de- 
mands. Thus while the parathyroid weight of a non-milking goat is 100 mg, 
that of a milking goat is 170 mg®*. Animals without parathyroids, on the 
other hand, may be maintained indefinitely by high calcium and vitamin D 
intake, and the same holds true for high-milking dairy cows (when the para- 
thyroid may not be able to meet the demands made on it) which may be 
maintained in good calcium condition, avoiding milk fever, by high calcium 
and vitamin D intake (Sect. 7.5). 

Vitamin E deficiency, if severe enough, leads to such atrophy of the an- 

»» Campbell, I. L., and Turner, C. W., Univ. Missouri Agr. Exp. Sta. Res. Bull. 353, 1942. 
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terior pituitary (in rats) as to amount to virtual hypophysectomy as regards 
reproduction®®. 

Vitamin E deficiency also leads to nutritional muscular dystrophy, and a 
spastic ataxia-like paralysis in guinea pigs and rabbits'®®, and to nutritional 
encephalomalacia in chicks'®*, characterized by Parkinsonian-like tremors and 
head retraction and rotation. It has been known*®® since 1928 that the 
lack of a dietary factor (present in wheat-germ oil) leads to degenerative 
changes in the neuro-skeletal system. 

Cod-liver oil appears to have something that counteracts the anti-paralysis 
action of vitamin E'®’. The apparently injurious effect of cod-liver oil on 
herbivora'®' may be due to an “antagonism” between E and some anti- 
vitamin E factor in the oil; or, when rancid, it may destroy the \ itamin E 
by autoxidation'®'“. 

VTiile what is now called thiamine deficiency was the first to be investi- 
gated in relation to nervous function'®® (in 1897 Eijkmann published Ids report 
on polyneuritis in chickens'®® and in 1911 Funk prepared the beriberi- 
curative substance from rice polishing and called it vitamine), perhaps all 
B vitamins involved in carbohydrate metabolism are needed for normal 
nervous function because the nervous system, particularly the brain, appar- 
ently obtains its energy from oxidation of carbohydrate alone'®h Even 
diabetics not receiving insulin have a brain R.Q. which is virtually unity*®®, 
indicating that the brain always obtains its energy from carbohydrate oxida- 
tion. Since, therefore, the function of the nervous system depends on the 
energy supplied by carbohydrate with the aid of catalysts involving certain 
vitamins as prosthetic groups, it is obvious that deficiency of vitamins, which 
interferes with carbohydrate oxidation*®®, will lead to dysfunction of the 
neiwous system. It has, indeed, been shown that the arterio-venous oxygen 
difference is about 25 per cent lower and the arterio-venous sugar difference 
is about 60 per cent higher in persons suffering from severe vitamin B com- 
plex deficiency (pellagra) than in normal persons"®. As the deficiency pro- 


See Section 6.4.3; also Barrie, M. O., Nature, 139, 2S7 (1938); Singer, E., J. Physiol., 87. 287 (1036). 

>00 Goettsch, M., an<l Pappenheimcr, A. M., J. Ezp. Med., 54, 145 (1931). 

>01 Pappcnheimer and Goettsch, Id., 53, 11 (1931). 

io» Evans, H. M., and Bishop, K. S., J. Med. Res., 3, 233 (1923). Sure, B., J. Biol. Chem., 58, 693 (1923-24). 
Evans, H. M., and Burr, G. 0., Id., 76. 273 (1928). Evans, et al, J. Nut., 19, 547 (1940). Mason, K., et al.. Proc. 
Avi. Physiol. Soc., 43rd meeting, 1941. 

>0i Mackenzie, C. G., and J. B., and McCollum, E. V., Science, 94, 216 (1941). 

>w McCay, C. M., et al., Cornell Univ. Agr. Exp. Sta. Memoirs 178 and 217, 1935-38. 

Mattill, H. A., and Columbic, C., J. Nut., 23, 625 (1942). MorgulLs, S., Id., p. 473. Dam, H., Id., 27, 193 
(1944) thinks that it is the cod liver fatty acids that damage the tissues. 

loi Pqi- aji excellent monograph on these problems, see Cobb, S., Gilden, E. !• ., an<I Zimmerman, H M., editors: 
“The role of nutritional deficiency in nervous and mental disease”, Williams & Wilkins, 1943. See also ref. 88. 
For references to the literature not here cited, sec Sect. 6.4.3. 

>0J Himwich, H. E., and Nahum, L. H., Am. J. Physiol., 99, 389 (1930). 

10* Himwich, and Nahum, Id., 90, 389 (1929); 101, 446 (1932). 

1” Bangs, I. L-, Ochoa, S., and Peters, K. A., Bioc. J 33, 1109 (1939). 

Jio Spies, T. D., et al., Am. J. Med. Sci., 199, 199, 840, 849 (1940). 
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gi-esses, various nervous and psychic manifestations follow, such as neuritis, 
neuralgia, nervousness, anxiety, fatigue, mental confusion, and so on, and 
perhaps also such diseases as migraine and sciatica. The longer the period 
on the deficient diet, the more severe the dysfunction. The ataxia-like 
Vernicke’s sjmdrome in man (due to alcoholism), or Chastek paralysis in 
foxcs^“’=‘, is apparently an advanced state of thiamine deficiency. 

As previously explained (Ch. 3 and 6) energy is required to maintain the 
integrity of living tissue, and when this maintenance energy is not available, 
the ti.ssue disintegrates. Nervous tissue is particularly sensitive to defi- 
ciency of maintenance energy, as indicated dramatically by the “black out” 
in high-altitude flying as result of brief oxygen deficiency, and it is reasonable 
to assume that the deficiency of a limiting vitamin involved in carbohydrate 
oxidation may lead to injury, depending on the .severity and duration of 
(lefici('ncy. This appears to be certain as regards deficiency of thiamine'", 
riljoflavin'"' pyridoxine"-' and nicotinic acid'", all of which are of 
great clinical importance. 

Vitamin A deficiency may lead to generalized peripheral neiwe lesions"® 
(Fig. 20.6). It is, however, believed'"' that the injury to the nervous system 
l\v vitamin A deficiency in early life may be not directly on the nerves but by 
r('tarding skeletal growth; this leads to injury of the nervous system by undue 
(uowding, or similar mechanisms. Thus Moore'" observed a constriction of 
the optic foramen and, therefore, of the optic nerve, with consequent blind- 
ness, in vitamin A-deficient calves. Mtamin A deficiency may similarly lead 
to increased intracranial pressure with associated disorders of the central 
nervous system and of behavior. 

Summing up, it appears that some endocrine, nervous, mental, and mus- 
cular disorders, including “shifting pains”, may be associated with disturbed 
intermediate metabolism as result of deficiency of vitamins, particularly of 
thiamine, nicotinic acid, pyridoxine, and riboflavin, and by different mecha- 
nisms as result of deficiency of vitamins A, E, D, and biotin. 

20.7. Amino acid relations in nutrition"®. It has been explained (Sect. 
20.1) that species differ as regards dependence on their diet for vitamins, 

Green, R. G., el al., J. Nut., 21. 243 (1941); Am. J. Path., 18. 70 (1942). Joliffe, N., el al., Q. J. Alcohol, 

2, 73 (1941). 

Zimmerman, II. M., et al.f Arch. Path., 13 , 207 (1932); /. Exp. Med., 59, 21 (1934); Am. J. Physiol., 109, 440 
(1934): Vale J. Biol. .Med., 12. 23 (1939). Alexander, L., Am. J. Path., 16, 61 (1940). 

"5 Lillie, R. D., and Sebrell, W. H., Nat. Inst. Health Bull. 162, 1933. 

Street, H. U., Cowgill, G. R., and Zimmerman, H. M., J. Nut., 21, 275 (1941); 22, 7 (1941). Joliffe, N., 

J. Am. Med. Asan., 117, 1496 (1941). 

Joliffe'”. Wortis, H., Psyehiat. Quart., 15, 693 (1941). 

Zimmerman, H. M., J. Exp. Med., 57, 215 (1933). 

‘”Wolbaoh, S. B., and Bcsscy, O. A., “Tissue changes in vitamin deficiencies”, Physiol. Rev., 22, 233 
(1942). 

Moore, L. A., J. NxU., 17. 443 (1939); 26. 649 (1943). 

n» For extensive discussion of the amino acid and protein literature, sec Mitchell, H. H., and Hamilton, T. S., 
“The biochemistry of amino acids”, Reinhold Pub. Corp., New York. 1929. Schmidt, C. L. A., ed., “The chemis- 
try of amino acids and proteins", 1938, and “.\ddendiim, the chemistry of amino acids and proteins”, C. C. 
Thomas, Springfield, III., 1943. 
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because some vitamins are synthesized by microorganisms in the digestive 
tract, some are synthesized by body tissue, and some apparently do not 
need certain vitamins for their metabolic processes"^ The situation is 
similar as regards amino acids. Ruminants appear to be more or le.ss inde- 
pendent of dietary amino acids because, like the B-vitamins, amino acids 
are synthesized from simpler nitrogen compounds by rumen microorganisms 
(Sect. 20.1). This discussion is, therefore, necessarily concerned with non- 
ruminants, mostly rats and mice, because the experimental work was prac- 
tically confined to these species. 

About 1907 Wilcock and Hopkins*-** observed that mice lose weight when 
the dietary protein is confined to zein (from corn) unless supplemented by 
tryptophane. About 1912 Osborne and Mendel*-* demonstrated that rats 
whose only source of protein was zein were definitely dependent for their 
growth on lysine as well as on typtophane supplements. Quite recently 
Rose*" and associates demonstrated that threonine and methionine are 


essential amino acids (Fig. 20.5). And now it is believed that (for growth 
of rats) 9 amino acids are absolutely indispensable, 9 are dispensable, and 4 
are partly dispensable. The meaning of “i)artly dispensable’" is illustrated 
by arginine*-^, which is synthesized in the body but at a relati^'ely slower 
rate than are the other dispensable amino acids. The same is true of glycine 
for chickens*2^“. The dispensable ones arc sjmthesized by the body or by gut 
bacteria. 

It is believed that methionine can replace, cystine, at least in part, but that 
cystine cannot replace methionine*-*; yet cystine appears to be a limiting 
factor in the growth of animals in which (cystine-rich) hair is a major part 
of the growth, such as for growth of sheep avooI*-^ and rat hair*'-®, which con- 
tain 13 per cent cystine and 0.5 per cent methionine. Certain cystine-poor 
proteins, such as casein and white-bean protein, which contain methionine, 
do not support satisfactory growth without the addition of cystine. 

The dietary essential amino acid needs undoubtedly vary with the essen- 
tial amino-acid composition of the body tissues. Roughly speaking, half 
of the muscle protein is compo.sed of the essential amino acids and contains*-’ 
8 to 9 per cent lysine, G to 8 per cent arginine, 4 to 5 per cent each of threo- 
nine, serine, tyrosine, and phenylalanine, 3 to 4 per cent methionine, 1.8 to 
2.4 per cent histidine, 1.1 to 1.4 per cent cystine, 1.2 to 1.4 per cent trypto- 


For review of the literature on interrelations between the rcplaccabilily of tlie vitamins by amino acids, such 
us that alanine can replace pyridoxine, sec Nut. Rev., 2, 99 (1944). 

Wilcock, E. G., and Hopkins, F. G., J. Physiol., 35, 88 fI906-7). 

Osborne. T. B., and Mendel. L. B.,J. Biol. Chem., 17,315 (1914); 12. 473 (1912); 20, 351 (1915); 26. 1 (1916). 
"Feeding exi>eriments with isolated food .substances", Carnegie Inst, of Wash. Publ. 156, Parts I and II, 1911. 

McCoy, K. H., Meyer, C. E., and Rose, W. C., J. Biol. CAem., 112, 291 (1935). Rose, W. C., J. Biol. CAeni., 
26, 521 (1930). 

Rose, W. C., Physiol. Rev , 18. 109 (1938). 

>»»* Almquist, H. J„ Am. Soc. Exp. Biol., Fed. Proc., 1, 269 (1924). 

Rose, W. C., et al., J. Biol. Chem.. 121. 403 (1937). 
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phane. It works out that for every 10 molecules of lysine there are in the 
muscle tissue approximately 9 of serine, 7 each of arginine and threonine, 4 
each of phenylalanine and tyrosine, 3.5 of methionine, 2.5 of histidine, and 
about 1 each of tryptophane and cystine. The visceral organs (in contrast 
to muscle) contain less lysine, more cystine, serine, phenylalanine and trypto- 
phane. 

The three categories of amino acids — indispensable, dispensable, and partly 
dispensable — are listed in the following table. The numerals in parentheses 
indicate the proportions of the indispensable amino acids (active form) re- 
quired to support growth in rats fed at certain levels'^^ 


Three amino acid categories. 


Nutritionally indi>pen 

?able (for rats) 

Partly dispensable 

Dispensable 

Tryptophane 

(0.2) 

Arginine 

(0.2) 

Alanine 

Lysine 

(1.0) 

Cystine 

! 

Glutamic acid 

Phenylalanine 

(0.7) 

Tyrosine 


Hydroxyglutamic acid 

Histidine 

(0.4) 

Glycine 


Aspartic acid 

Threonine 

(0.6) 



Serine 

Methionine 

(0.6) 



Proline 

Leucin 

(0.9) 



Hydroxyproline 

Isoleucin 

(0.5) 



CitruIIine 

Valine 

(0.7) 

1 


Norleucine 


The following numerical estimates’^a of amino acids, in several food 

proteins are instructive. 


Percentage amino acid make-up of meat, milk, eggs, and related food proteins. 


Ammo Acid 

Meat 

Milk 

Casein 

Egg 

Wheat 

Wheat 

germ 

Yeast 

Soybean 

Leucine i 

12 

15 

12 

19 

13 


13 

8 

Lysine 

8.1 

7.5 

6.9 

6.0 

2.7 

5.5 

6.0 

5.4 

Arginine 

7.1 

4.3 

4.1 


3.0 

6 

4.3 

5.8 

Phenylalanine 

4-5 

5.7 

5.2 


8.7 

4.2 

4.1 

5.3 

Threonine 

4.3 

4.6 

3.9 

4.9 

3.3 

3.8 

5.0 

4.0 

Valine 

3^ 

5 i 

7 

4-5 

3-4 

3-5 

4-5 

4-5 

Isoleucine 

3.4 

4.4 

5 

5.3 

4 

3 

3-4 

4 

Methionine 

3.3 

2.8 

3.5 

4 

i 3.0 

2.0 

2 

1.8 

Tyrosine 

3.1 

5.3 

6.4 

1 5.0 

3.8 

3.8 

4.2 

4.1 

Histidine 


2.5 

2.5 

2.4 

1-2 


2.8 

2.3 

Tryptophane 

1.2 

1.6 

1.5 

1.6 

1 

1.0 

1.4 

1.5 

Cystine 

1.1 

1 

1.1 

0.4 

2.1 

1.3 

1 

1.3 

0.6 


A given amino acid, or an amino-acid derivative, may be particularly ini' 
portant in one but not in another metabolic process. Thus, according to 

This problem is still under investigation and debate. See, for example, Kinsey, and G^ant»^ 

Block, R. J., and Bolling, D., J. Am. Diet. Assn., 20, 69 (1944). 
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Hammett**®, histidine is particularly useful in maintenance (rather than 
groA\dh); sulfhydryl in cell proliferation (rather than maintenance); proline 
in cell differentiation (rather than proliferation) ; arginine in growth initiation; 
adenine and guanine in cell segregation (organization); the alpha amino acids 


in increase of cytoplasmic mass. 

There are obvious difficulties in precise apportioning of amino-acid func- 
tions because of the intimacy between the several growth sequences. For 
instance, a given amino-acid necessary for maintenance must also be neces- 
sary for growth, since there can be no growth without maintenance. 

"^at was said about the effects of vitamin deficiency is applicable to 
amino-acid deficiency, as the amino acids also enter into the building of 
various “carriers” from hemoglobin to enzymes. 

The amino acids are characterized by their amino group, NH2. The amino 
acids are usually divided into the following classes. 


1. Monocarboxylic amino acids: glycine, alanine, valine, isoleucine, norleucine 
Typical formula: CHs-NHrCOOH, glycine or amino acetic acid 

CHj-CHNHj-COOII, alanine or a-amino propionic acid 

2. Dicarboxylic amino acids: aspartic acid, glutamic acid 

Typical formula: HOOC-CHrCHj-CHNHrCOOH, glutamic acid or a-amino 

glutaric acid 

3. Hydroxyamino acids: serine, threonine, hydroxyglutamic acid 

Typical formula; CHrCHOH-CHNH 2 -COOH, threonine or a-amino (3-hy- 

droxybutyric acid 

4. Aromatic amino acids; phenylalanine, tyrosine 

Typical formulas; CeHb-CHj-CHNHj-COOH, phenylalanine or a-aminophenyl- 

propionic acid 

HO-C 6 H 4 -CH 2 -CHNH 2 -COOH, tyrosine or a-amino /3-p- 

hydroxphenyl-propionic acid 

5. Indole amino acid: tryptophane, ) 3 -indole- 7 -amino-propionic acid has the formula: 


/\ 


CH2-CH(NH:)-C00H 



NH 


6. Sulfur-containing amino acids: cystine, methionine. 

7. Basic amino acids; lysine, histidine, arginine: 

Typical formula; H 2 N* (CH 2 ) 4 *CHNH 2 -COOH, lysine 

8. Pyrrole-containing amino acids: proline, hydroxyproline 

Since the value of a protein depends on its amino acids, the designation “crude pro- 
tein” (rather than “true protein”) is used in feed analysig. This includes all nitrogen 
multiplied by 6.25 (assuming that protein contains 16 per cent N,so that 100/16 = 6.25). 
The non-protein nitrogen is not all peptide and amino acid, but only roughages, as al- 
falfa, are heavily loaded with non-amino nitrogen'll, which is utilized by ruminants. 

Hammett, F. S., Growth, 6, 59 {1042). 

Jones D 1)., “Factors for converting iwrcentuKos of nitroRcn in foods and feeds into percentaRas of protein", 
U. S. Dept’. Agr. Circ. 183, 1931. Hart. E. B., and Bentley, W. H., “Water-soluble nitrogen in feeding stuffs", 

J.Biol. CA«m., 22. 477 (1916). 
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As previously noted (Sect. 20.4), if one of the essential amino acids is lacking, the 
other amino acids cannot be used for protein building, with the result that they are 
deaminized and the nitrogen is eliminated with the associated “specific dynamic effect” 
(Ch. 4), The non-nitrogen residue (lactic acid, pyruvic acid, pyruvic aldehyde) may be 
transformed into sugar as indicated by the following diagrammatic equations (Sect. 
6.3). 


CH 3 'CH(NH 2 ) C00H + CH 3 CHOH COOH 

, . deamination i j • • j 

alanine lactic acid 


0C(NH2)2-1- CcHiA 
urea -|- sugar 


CHa-CH(NH 2 ) COOH + 0 NH, + CHj CO COOH ^ urea + sugar 

deamination . . . 

pyruvic acid 


CH 3 CH(NH 2 ) C00H > NH, + CH,-CO CHO 

deamination . i i ? i 

pyruvic aldehyde 


urea + sugar 


The urea is eliminated and the sugar is retained. 

Under certain conditions these reactions are reversed, and alanine is formed from 
lactic acid and pyruvic aldehyde. This may explain the production of the dietary dis- 
pensable amino acid in the body (Sect. 6.5). There are always NH3 compounds and 
carbohydrate intermediate compounds in the body from which such amino acids may be 
produced. Moreover, glycerol (CH^OH-CHOH-CHoOH, from dietary fat) is related, 
through glyceraldehyde (CH20H-CH0H-CH0), to pyruvic aldehyde (CHa-CO-CHO). 
These relations indicate the possibilities of amino acid synthesis in the body from NHj 
compounds and carbohydrate (a-hydroxy-acids as lactic acid, a-ketonic acid as pyruvic 
aldehyde); these relations also indicate how under certain conditions protein is con- 
verted to carbohydrate^^^’ (up to 58 per cent) and how fat is converted to carbohy- 

drate^^^ 

The nutritional value of the digestible part of a protein when fed at a low level, de- 
pends on the proportion of the essential and semi-essential amino acids in the food in 
relation to the proportions required by the body. As explained previously (Sect. 20.4), 
the supplementary value of proteins is their ability to supplement each other’s de6- 
ciencies. For instance, the nutritional value of grain protein is increased by the addi- 
tion of milk because the amino acids in milk protein make good the amino-acid defi- 
ciencies in grain protein; the unfavorable influence of heat on some proteins is due to the 
injury of a limiting amino acid, and so on. 

There are many empirical methods of representing the numerical value of protein, 
some of which were discussed in Sect. 20.3. The writer likes the method of McCollum 
and Parsons (eq. 20.3), which represents the protein value in terms of the ratio of nitro- 
gen retained to nitrogen consumed under a given set of conditions. Another interesting 
way of representing the protein value is in terms of some standard protein value. It has 
been suggested*^^ that the value of proteins be expressed in terms of milk-protein re- 
placement values. 

Thomas*^® and more recently Mitchelb®^ defined the nutritive value of protein in 
terms of ^*biologic value”, the percentage of absorbed (/rom the digestive tract) nitrogen 
which is retained, that is, which is not excreted in the urine as exogenous nitrogen. This 


Rapport, D., “The interconversion of the major foodstuffs’*, Physiol. Rw., 10, 349 (1930). 

Lusk, G., “The science of nutrition”, 1928. 

Mitchell, H. H., “The possibility of the conversion of fatty acids to glucose in the animal body”, J. Nut., 
6, 473 (1933): 22, 167, 183 (1941). 

nsMurlin, J. R., and Mattill, H. A., J. Nut., 16, 15, 249 fl938). 
u® Thomas, K., Arck. Anat. Physiol., p. 219, 1909. 
iti Mitchell, H. H., /. Biol. Chem., 58 , 873 (1924). 
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concept is more complex than appears. In the first place the biological value of protein 
as thus defined may be only remotely related to its aetual nutritional value. For in- 
stance, wool, hair, fcathei's may have a high biological value but no real nutritional value 
because of the insignificant digestibility of wool, hair, and feathers; the biological value 
of protein is not concerned with digestibility, but only with the retention of that part 
of the protein which is digested and absorbed into the body proper. Thus, cocoa protein 
and navy-bean protein have'^* the same biological value, 38 per cent; but since the di- 
gestibility of cooked navy-bean protein (7G per cent) is twice that of cocoa protein (38 
oer cent), the real nutritional value of cooked navy-bean protein is twice (29 per cent) 
that of cocoa protein (14 per cent) in spite of the same biological value. Proteins, such 
as zein, on the other hand, are highly digestible but lack lysine and tryptophane; so is 
gelatin, which lacks tryptophane. But McCollum’s definition takes care of both di- 
gestibility and amino-acid balance. 


Protein Values of Foods for Maintenance and Growth: Level of Protein Feeding, 

8 to 10 per cent. 

(From Mitchell and Hamilton, except last column.) 




Water 

Con- 

tent* 


Protein Con- 
tent* 


.0 


Whole egg 
Milk 

Egg white* 
Beef liver 
Beef kidney 
Beef heart 
Beef round 
Pork ham 
Veal 

Boiled oats 
Whole wheat 
White flour 
Whole corn 
Potato 
Navy beans* 
Cocoa 
Chocolate 


On 

Fresh 

Basis 


C' 

/o 


73.2 

87.0 
SC. 2 

71.2 

70.7 

02.0 
70.0 
00.0 

73.4 

m * 

{ . I 

11.4 

12.8 

10.3 

78.3 
12.6 

4.0 

5.9 


13.2 

3.3 

12.3 

20.4 
16.6 
10.0 
21.3 

25.0 

20.7 

10.7 

13.8 

10.8 
7.5 
2.2 

22.5 

21.0 
12.9 


Quality of Protein 


On 

Dry 

Ba.'iis 

% 

49.3 

25.4 
89.1 

70.8 

71.3 

42.8 

71.0 

02.5 

78.0 

18.1 

15.6 

12.4 
8.4 
10.1 

25.7 
22.6 

13.7 


Digesti- 

bility 

(corr.*) 


/O 


100 

100 

100 

90 

99 

100 
90 

100 

100 

90 

91 
100 

95 

78 

70 

38 

38 


Biologi 

cal 

Value 


Cf 

/O 


94 

85 

83 

77 

$ 4 

74 

69 

74 

62 

05 

07 

52 

60 

07 

38 

37 

37 


Metabolic Pro- 
tein in Feces 

Net Protein 
Value of Food 

Net_ 
Protein 
Value of 
Protein* 

.0 

On 

Fresh 

Food 

Basis 

/O 

On 

Dry 

Food 

Basis 

/O 

On 

Fresh 

Basis 

/O 

On 

Dry 

Basis 

/O 

0.4 

1.4 

12.0 

44.9 

1 

0.2 

; i-*! 

2.6 

20.2 

85 

0.2 

1.4 

10.0 

72.6 

83 

0.4 

1.4 

14.9 

51.1 

69 

0.3 

1.4 

12.3 

52.8 

76 

0.5 

1.4 

11.3 

30.3 

74 

0.4 

1.4 

13.7 

45.7 

66 

0.0 

1.4 

17.9 

44.8 

74 

0.4 

1.4 

12.4 

47.0 

62 

1.3 

1.4 

9.8 

10.6 

59 

1.3 

1.4 

7.1 

8.1 

61 

1.3 

1.4 

4.3 

5.0 

52 

1.3 

1.4 

3.0 

3.5 

57 

1.3 

1.4 

0.8 

3.9 

62 

1.3 

1.4 

4.2 

6.0 

29 

1.4 

1.4 

1.6 

1.8 

14 

1.4 

1.4 

0.4 

0.6 

14 


Dept- 
. See 

intake 


.X^rage analyses taken, a. to a» possible, from Bull. 2S (revUed). Office of Experiment Stations, U. S. 

metabolic nitrogen in the fec.es is ^umed to equal 0.23 gram per 100 grams of dry matter of food 
Bull Natl. Reecarch Council, 1926, xi, pt. 1, no. 55, p. 23. 

! P^7d^tct■ of digestibility and biological vab.c of the protein, assumed to represent the percentage of the 
protein retained for maintenance or growtli. 

Mitchell and Hamilton also employed McCollum’s definition ‘‘ 

tein value”, comparable to the net energy value of feed (Sect. ..3) illustrated in t 

on" — p-^om , 90 per cent of which is ”rc^.y ” 

digltiblc (that is, not including the metabolic nitrogen in the feces with the mdiges ible 
maLrial) Hence, this beef rouml contains 0.96 X 21 .3 = 20.4 per cent ciiffcsfi6fc protein. 

When this meat is fed to rats at 8 to 10 per cent protein level in the 

value is 09 per cent; hence the net protein value of this cut of meat is 0.69 X 20.4 14.1 

per cent. A part of the metabolic nitrogen (that part related to the amount of food 

u<Mitcl,ell,II.II..andlla.nillo,,, l\S.,'ai.ebi<Khcmistryofumi,macid.s",Ilci..lmld I’ub. Corp,, pp. 55^556. 

1929. 
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intake) in the feces may be charged to this “net protein”. Mitchell assumes that the 
metabolic nitrogen in feces is of the order of 0.23 g, or the protein equivalent is 1.4 g 
per 100 g of dry food consumed. If the dry matter in the fresh meat is 30 per cent, then 
the metabolic nitrogen in the feces is 0.3 X 1.4 = 0.4 per cent. The final net protein 
value is then 14.1 - 0.4 = 13.7 per cent of the fresh meat. This is the maximum per- 
centage of protein (6.25 X N) in the food which is available for maintenance or pro- 
ductive purposes. The foregoing table is from Mitchell and Hamilton (p^ 779). We 
added the last column on the right side of the table to represent the net protein value of 
the protein, which is the product of the “biological value” and the “true digestibility” 
of the protein. “True digestibility” is the difference between the fecal N (called meta- 
bolic N) on a low protein diet and the fecal N on the experimental diet. 

The problem of evaluating the various categories of urinary and fecal nitrogen, 
together with the cogent literature*^^* are discussed in Sections 13.1 and 14.9. 

The protein needs in relation to body size in different species were previously dis- 
cussed (Ch. 15), and the needs for adult man, about 70 g a day for a 70-kg person, are 
indicated in Table 20.1. To make this value concrete, one may note that per serving 
(100 g or 3J oz), meat, poultry, or fish contains about 17 g protein, enough to supply a 
fourth of the day’s need; a pint of milk contains about 16 g; 4 slices (100 g) whole-wheat 
bread contains about 10 g protein (white bread contains 8 to 9 g) ; an egg contains about 

6.7 g protein. Per pound, meat, fish, or poultry contains 66 g protein; dry legumes and 
nuts 97 g; grain products 40 g; leafy vegetables 6 g; potatoes 8 g; dried fruits 13 g. 

20.8. Notes on mineral relations in nutrition. The average mature hu- 
man body contains the equivalent of about 5 per cent ash, equivalent to 
about 6 lb ash, which comes from and returns to the earth. The percentage 
composition of this ash is approximately: calcium 40, phosphorus 22, potas- 
sium 5, sulfur 4, chlorine 3, sodium 2, magnesium 0.7. According to Sher- 
man^"**, the percentage composition of the average human body is approxi- 
mately: nitrogen 3, calcium 2, phosphorus 1, potassium 0.35, sulfur 0.25, 
sodium 0.15, chlorine 0.15, magnesium 0.05, iron 0.004, manganese 0.0003, 
copper 0.00015, iodine 0.00004 and other trace elements, including zinc 
(see Sects. 6.4.2 and 6.6. IV for details). In an average 70-kg (155-lb) body 
this amoimts to about 2.1 kg nitrogen, 1.4 kg calcium, 700 g phosphorus, 
245 g potassium, 175 g sulfur, 105 g sodium, 105 g chlorine, 35 g magnesium, 

2.8 g iron, 0.21 g manganese, 0.105 g copper, 0.028 g iodine. 

From the structural viewpoint, the bony skeleton is composed mostly of 
calcium and phosphate; 99 per cent of the body calcium and 90 per cent of 
the phosphorus is in the skeleton. The mineral proportions in bone may be 
roughly represented by the formula CaC 03*2 to 3 Ca 3 (P 03 ) 4 , or more pre- 
cisely^**^ [Cas.BO^IgO.SsNao.lQ] [(PO4)5.07(CO3)l.24](H2O). 


•»» Ashworth, U. S., and Brody, S., "Endogenous nitrogen studies”, Univ. Missouri Agr. Exp. Sta. Res. Bulls. 
189, 190, 1933: 223, 228, 1935. 

MO Mitchell, H. H., and Carman. G. G., J. Biol. Chem., 60, 613 (1924) :68. IS3 (1926). Boas-Fixsen,M. A., "The 

biological value of protein”, Vu/. Abstr. Rev., 4, 447 (1935). 

H* Sherman, H. C., "Chemistry of food and nutrition”, Macmillan, 1941, Sherman and Lanford, C. S., "Es- 
sentials of nutrition”, Macmillan, 1940. For specialized monographs, see Shohl, A. T., "Mineral metabolism , 
Reinhold Pub.Corp., 1939. Wirtshafter, Z. T., "Minerals in nutrition”. Reinhold Pub. Corp., 1942. Shils.M.E, 
and McCollum, E. V., J. Am. Med. Assn., 120, 609, 1942. Macy, I. G., Id., p. 34. 

Hendricks, S. B., and HUl, W. L., Science, 96, 255 (1942). 
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From the catalytic viewpoint (Sect. G.4.2), the minerals (including calcium 
and phosphorus) that function at trace levels serve as prosthetic groups, or 
coenzymes, or activators, as do vitamins, in electron-transfer enzyme systems. 
Some of these elements are associated with or constituents of, among others, 
iron in hemoglobin and cytochrome oxidases; magnesium in chloroi)hyll, 
carboxylases, phosphatases; manganese in arginase; copper in hcmocyanin 
and many oxidases; calcium in some oxidavses; zinc in carbonic anhydrase, 
in uricase, as carboxylase activator and possibly as catalyst for insulin stor- 
age in the pancreas (milk contains 0.5 mg zinc per liter); aluminum in a 
succino-oxidase system; and phosphates in phosphorylation. Many other 
trace elements must have similar functions because they arc almost uni- 
versally present, and their absence is associated with diseases similar to those 
due to vitamin deficiency. For instance, cobalt is necessary in traces, about 
0.05 mg per day for sheep and 1 mg per day for cattle. Like excess copper, 
excess cobalt is toxic, causing the blood disease polycythemia. Minute 
traces of boron are essential, at least for plants, and it is universally found 
in milk and blood. Fluoride seems to be essential in minute traces, espe- 


cially for healthy teeth; and as for copper, it is very toxic if taken in excess 
of about 1 mg per liter (1 ppm) water. Traces of arsenic are found in hu- 
man blood. 

As regards iron, 65 per cent of the body iron is in the blood, 30 per cent in 
the liver, bone marrow and spleen, and 5 per cent in other tissue. Liver is 
the richest animal dietary source of iron (20 to 80 ppm*) and also of copper 
(20 ppm). Egg yolk is even richer in iron (85 ppm), ^^^lile the iron level 
in milk is low (2.5 ppm iron and 0.2 ppm copper), it is highly available. The 
blood-regenerating properties of foods and feeds are dependent not only on 
the content of iron, but also on the degree of its utilization. For instance*^^ 
blood is rich in iron (37 mg per 100 cm blood), but only about 11 per cent 
of it is utilized; hence only 4 mg iron per 100 g blood is available. Heart 
muscle is poor in iron (15 mg per 100 g muscle), but as 90 per cent of it is 
utilized, 14 mg iron per 100 g muscle is available. Similarly, spinach is 
very rich in iron (38 ppm) but only 20 per cent of it is available; carrot is 
poor in iron (G ppm), but 100 per cent of it is available. It thus appears 
that the available (rather than total) iron is 40 mg for 100 g liver, 15 for 


heart, 7 for skeletal muscle, and 4 for blood. Blood is richest in iron but 
poorest as a dietary iron food. 

Liver, kidney, and gizzard .have the highest overall blood-regenerating 
values, followed by egg and heart; of plant products, apricots, peaches, prunes, 
and apples stand high next to the liver-kidney category^'’. Most leafty 
vegetables are relatively poor iron foods although rich in iron, partly because 
of its relative unavailability. 


♦ ppm Blands for parLs per million, that is mjj per kg. 

»» Sherman, W. C., et al., J. fiiol. Chem., 107, 3S3 (1934); 119, 725 (1937). 

Uobscheit-Kohhins, V. S., Phyaiol. Rev., 9. 606 (1929); J. Am. Diet. Assn., 8. 387 (1932-33). 
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There is usually no lack of iron in natural foods, but if the soil is poor in 
iron, the foods may be likewise. In such cases of nutritional anemia, the 
diet is supplemented with iron, usually in the form of ferric ammonium citrate 
for humans and ferrous sulfate (“copperas”) for animals*'*, about half pound 
per 100 pounds feed. (The dosage for humans is about 1 g per day of fer- 
rous sulfate or 5 g a day of ferric and ammonium citrate.) 

The essential need of copper for iron utilization in hemoglobin building is 
known'-*®. One must be cautious, however, in feeding copper as it is toxic 
above a certain low level. Young women are said"®"' to need 2.0 to 2.5 mg 
copper a day, an amount obtained from otherwise mediocre food. There is 
probably enough “impurity” copper in commercial iron preparations to 
meet all needs. In the “salt sick” regions of Florida, it is customary to add 
to 100 lbs common salt for livestock about 25 lbs red oxide of iron, 2 lbs 
“snow form” copper sulfate, and 1 oz cobalt chloride. 

Blood regeneration is also dependent on many other factors, including 
hormones, of which the antipernicious anemia-factor in liver is one, and on 
vitamins and trace elements such as cobalt in ruminant iron utilization. 
Deficiency of cobalt causes “coast disease” in South Australia"^ “enzootic 
marasmus” in West Australia"®, “bush sickness” in New Zealand"®, “salt 
sickness”, “hill sickness”, and just plain sickness in Florida'*®, cured by 
drenching the animals with 1 mg cobalt per day. “Bush sick soils” contain 
0.12 per cent cobalt as contrasted to O.Gl per cent in healthy soil***. 


As explained elsewhere (Sects. 20.2 and 21.2), milk is the best, and prac- 
tically indispensable, source of calcium. Two large glasses a day supply all 
the needed calcium. In such countries as China where milk is not available, 
bones are consumed as such and m bone soups cooked in “sweet and sour” 
(with vinegar). The vinegar disintegrates the hard bone and renders its 
calcium available. It is customary for dairymen to keep bone meal before 
their dairy cattle at all times to supply the calcium for milk production. 


The bone meal is supplemented with other minerals, such as iron, copper, 
and cobalt, as required to meet the mineral deficiencies in the soil. The 
bone meal is also often supplemented with A’itamin D in one of several forms 

to facilitate calcium absorption (Sect. 7.5). 

When a soil is deficient in minerals, this is reflected in the composition of 
the plant. For example, in a recent survey, the calcium content in alfalfa 


i« Davison, L. S. P., and Leitch, I., Sui. Absir. Rev., 3, 901 (1934). 

Ref. 73, Ch. 6. 

u#a Liverton, R. M., and Binkley, E. S., J. NiU., 27, 43 (1944). 

Lines, E. W., and Marston. H. R., J. Council Sci. dt Ind. Research (Attslralia), 8, U, 117 (1935). 

»» Filmer, J. F., Vet. J., 9, 163 (1933); 10 , 83 (1934). 

Wall, E. M., New Zealand J. Sci. Tech., 18 . 642 (1937). 

ISO Becker, R. B., Neal, W. M., and Shealy, A. M., Fla. Agr. Exp. iSta. Bull. 231, 1931. Ru-soff, F. I-. M., BtdI. 
356. 1941. Neal and Ahmann, C. F.. J. Dairy Sci., 20, 741 (1937). Killhan. B. J., Am. Vet. .Med. Assn., 99. 279 

(1941). 

»si McNaught, K. J., New Zealand J. Sci. Tech., 18, 655 (1937). Kitlson, E. B., Id., p. 694. 
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ranged from 0.5 to 5.0 per cent, and the iron content in cabbage ranged from 
1 to 10 ppm, depending on tlie soiP^-. The composition of the plants in 
turn is reflected in the animals which consume them. This is one explanation 
for the geographical dilTercnces in size and vigor of plants and animals^^^. 
Some authors'^^ attribute the increase of many diseases, from hay fever to 
tooth decay and from sterility to grass tetany (grass tetany may be due, 
among other factors, to magnesium deficiency*^^), to a decline in soil fertility. 
However, the minerals of commerce are inexpensive, and it is a simple matter 
to supplement table salt with the deficient minerals as is done now with 
iodine. As a result, goiter has been practically abolished. Tooth decay 
(in children) is greatly reduced by adding to the city water supply one part 
per million of Huoride*'^ (or even by applying 2 per cent NaF solution to the 
cro\\'n surface directly^^'). However, the mineral composition of the soil 
may influence the organic composition of the plant, for example its piotein 
and vitamin'5^ content; a regional agricultural experiment staUon was re- 
cently established in Ithaca, New York, to investigate the nutiitional \alue 

of plants in relation to the composition of the soil. 

To sum up, inorganic elements have important functions in catalytic pioc- 
esses and in structural elements. AMiat was said about the eflects of vitamin 
deficiency is applicable to mineral deficiency also, as minerals are prosthetic 
groups and coenzymes of various oxidation catalyst systems. The composi- 
tion of the soil affects that of plants and animals, with consequent influence 

on human welfare. 


In human diet, normally, only two minerals, calcium and iron, are likely to be de- 
ficient. The average adult need for calcium is about 0.7 g and for iron 12 mg. 1 he best 
calcium food is milk, which furnishes about 0.56 g per pint, about i of the day^s need, 
followed by other dairy products-1 oz cheddar cheese furnishes 0.27 g-and by greens, 
such as turnip greens, mustard greens, collards, each of which furnish about 0.3 g calcium 
per serving of 100 g or 3J oz. As previously noted, liver is the best source of iron, about 
8 mg per 100-g serving, followed by other visceral organs, and by fruits, as peaches, 
prunes and apples. A serving of greens, such as turnip tops, beet greens, and chard 
each furnishes about 3 mg iron; 100 g (4 slices) whole-wheat bread furnishes 3 mg, but 

white bread only 0.9 mg iron. 


Cr Beeson, K. C.. “The mineral composition of crops with reference to the soils in which they were grown”. 
U. S. Dc’pt- Agr. Misc. Publ. 369. 1941. Maynard, L. A., Ann. Rev. Rxoc.. 10. 449 (1941); J. Med. X,«n.. 

“)^hton,’ j., “The influence of geographical conditions on cattle development", Univ. Missouri Agr. Exp. 
Sta. Res. Bull. 141, 1930. 

Albrecht, W. A., Chem. Eng. iVcf*. 21. 221 (1943). o i.- \i t i 

m Sjollema, B.. Nnt. Abelr. Rev.. 11. 021 (1930); Klin Woch.chr., 11 989 (1932K Huffman, C. 1- • 
n . r vv w n} J Biol Chfin. 69, 101 (1926); Arch. Path., 26, 820 (1938); J- Dairy Sci., 21, 689 (1938). 

mhlt’ r I A anti Greenberg D. 15. 297 (1935); Ann. Bi'oc., 8, 209 (1939). McCollum, 

E. V, Chem., 96. 519 (1932); 100, 603 (1933); 106. 573 (1934); Am. J. PhyM., 101. 454 (1932); 112. 356 

(1935). 

McClure, F. .1., Am. J . Dia. Child., 66. 362 (1943). 

1“ Knutson, J. W., Public Health Uepts., 58. 1(0 (1943). 

Nelson, O., el al., Proc. Soc. Eip. Biol, htfd., 52. 1 (1943). 
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The following salt mixtures fed to rodents in synthetic diets at 4 per cent level of 
the air-dry food may indicate what is thought by some to furnish adequate mineral 
nutrition. 


Hamilton and Hogan*^® (Hamsters) 

Sure**® (Rats) 


Ca3(P04)2 

376 

KjHPO^ (anh.) 

...645 

KH 2 PO 4 

212 

CaCO, 

.. 600 

CaCOa 

125 

NaCl 

.. 335 

KCl 

112 

CaHP04-2H20 

.. 190 

NaCl 

69 

MgS 04 (anh.) 

.. 99 

MgS04-7H20 

33 

Ferric citrate (pow^d)... 

.. 55 

MgCOs 

25 

KI 

1.6 

MnS04*4H20 

26 

ZnCb 

0.5 

FeP04-4H->0 

21 

Nal 

0.5 

CuS04-5H20 

1.4 

CaGb 

0.5 

Al2(S04)3-K2S04-4H20 

0.17 

Na2B407 (anh.) 

0.5 

KI 

0.08 

CUSO 4 (anh.) 

0.4 



AU(SO0j-K2SO4 

0.4 


20.9. Note on energy relations in nutrition. Table 20.1 indicates the 
human dietary need for energy. Roughly speaking, a 70-kg mature person 
at rest requires about 30 Calories per kg body weight; at light work 40 Cal- 
ories per kg; at moderate work 50 Calories per kg; at hard work 60 Calories 
per kg. Larger individuals require less energy per unit weight (Ch. 15). 

A 100 g or ^ oz serving of bread (4 slices) furnishes 250 to 300 Calories, meat 150 to 
400 Calories (depending on fat content, ham is 500 Calories, lean beef heart 150 Calories, 
good beef loin 375 Calories) . In terms of Calories per pound for broad categories, meats, 
fish, and poultry have a value of about 1100 Calories per pound; fresh eggs 635; milk 
360; butter 3320, other fats 3900; potatoes 330, fresh and canned fruits (other than citrus) 
290, dried fruits 1280. 

As explained in Ch. G and Sects. 20.2 to 20.5, the degree of utilization of 
the energy depends on the balance between the nutrients and the level of 
dietary energy intake (Ch. 5) in relation to need; hence the given energy 
values of foods have such values only under certain conditions. 

20.10. Summary and appendix. This chapter discusses selected topics 
in nutrition germane to the spirit of this book, including the following. 

(1) Species differ in dietary dependence on vitamins and amino acids. 
Ruminants, such as cattle and sheep, are unique in not being dependent on 
dietary water-soluble vitamins; indeed, vitamin A (carotene) is the only 
one which often becomes limiting in this class of animals, especially as much 
of the carotene is destroyed in the rumen. Ruminants are also unique in 
being able to convert dietary non-amino nitrogen into amino acids and pro- 
teins. These peculiarities and their ability to consume roughage which 
cannot othenvise be utilized in the agricultural economy, and to convert 

Hamilton, J. W., and Hogan, A. G., J, Nut., 27, 213 (1944). 

Sure, B., Id., 26, 276 (1943). 
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it very efficiently into niilk and (mucli less efficiently) meat, places the 
ruminant, especially the highly dcA-eloped dairy cow, in a class by itself as a 
converter of feed into food. The simpler the alimentary canal, and the less 
the ability to handle bulky roughage, the greater the possibilities of develop- 
ing dietary deficiencies. 

(2) Species and individuals differ in “nutritional udsdom”, in the spon- 
taneous selection of foods that promote well being. In man, the “spontane- 
ous” choice is perhaps modified by intelligence which is, however, confused 
by social conditioning factors. This confusion is, on the other hand, ameli- 
orated by rapid accumulation of knowledge as to what constitutes an op- 
timal diet, which is discussed at some length. 

(3) Several methods are used for comparing the nutritional values of food 
combinations, among which the ad libitum and paired-feeding methods are 
discussed in detail, and briefer attention is given to the total life-history 
method. 

(4) The nutrients are grouped into nitrogenous, energy-yielding, \ itamin, 
and mineral. Foods and feeds vary in nutritional value because of dif- 
ferences in digestibility and difference in balance between nutrients, not 
only between these four categories of nutrients but also between the constit- 
uents, individual amino acids, vitamins, and minerals. The balance between 
the nutrients is not at a sharp point but in a broad zone, and wise dietary 
economics depend on the appreciation of the degree of freedom of movement 
within this zone. 

(5) With the exception of vitamin A, which all species need, there are 
enormous species differences in reaction to a given vitamin deficiency, even 
if ruminants are omitted from consideration. 

(6) Minerals, such as calcium and phosphorus compounds, function as 
structural elements; but these two, as well as all the essential trace ele- 
ments, also act as catalysts in oxidation processes in the manner of vita- 
mins. The lack of traces of cobalt in the soil, for example, was the limiting 
factor in the progress of the dairy and sheep industries in Australia and 
Florida; the discovery of the indispensable nature of cobalt changed the 
outlook for these industries and enlarged the perspective of the science of 
nutrition, substantiating the importance ot “little things” in nutrition. 

This chapter touched briefly on a few selected nutritional topics; it could 
be greatly expanded. The science of nutrition, as contrasted to the arts 
and instinct of feeding, is very new, very fertile, and is expanding very rap- 
idly. The field of nutrition includes the identification of nutrients required 
by different species; their minimal and optimal consumption in lelation to 
age (Ch. 14), to body size (Ch. 15), to climate (Ch. 11), to various functions 
(growth, reproduction, lactation, muscular work, fattening, and so on); 
nature of the participation and mechanism of action of each nutrient, espe- 
cially of the catalysts (Ch. 6); consequence of dietary deficiencies and ex- 
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cesses (Chs. 5 and 18); nutrient balance (antagonisms and synergisms) and 
replacement; composition of foods with respect to nutrients and to other 
factors, such as bulk of a certain character and related factors in intestinal 
h 3 '-giene; influence of food processing (heating, milling, etc.) and of environ- 
mental factors (soil, temperature, light) on compo.sition and nutritive value; 
neuro-psychic drives for each of the foods and the effects of various nutrient 
proportions in the diet on the neuro-psychic behavior, including nervous 
stability and mental activity, and so on. All these factors enter into the 
overall and long-range efficiency complex discussed in this book. 

The following appendix presents data in tabular form for recommended 
nutrient allowances for man (Table 20.1); actual food consumption (Table 
20.1a); composition of foods, presented in various forms (Table 20. Id); effici- 
ency and economy with which various classes of food are produced (Table 
20.2a and b). 


Table 20.1. Recommended Dietary Allowances. 
National Research Council, Circular 115, 1943 


1 

1 

1 

1 

1 

1 

Calories 

Protein 

(g) 

Calcium 

fg) 

Iron 

(mg) 

Vita- 
min A 
(LU.) 

Thia- 
min (B|) 
(mg) 

Ribo- 

flavin 

(mg) 

Niacin 

(Nico- 

tinic 

Acid) 

(mg) 

Ascor- 

bic 

Acid 

(mg) 

Vita- 
min D 

(I.U.) 

Man (70 Kg.) 











Sedentary 

2500 

70 

0.8 

12 

5000 

1.5 : 

2.2 

15 

75 


Moderately active . . . 

3000 


— 

— 

— 

1.8 1 

2.7 

18 

— 

• 

Very acti^■e 

•1500 


— 

— 


2.3 

3.3 

23 

— 


Woman (56 Kg.) 


1 









Sedentary 

2100 

CO 

0.8 

12 

5000 

1.2 

1.8 

12 

70 


Moderately active 

2500 

1 


— 

• 


1.5 

2.2 

15 

— 


Very active 

3000 

— 

— 

_ 

— 

1.8 

2.7 

18 

1 

1 


Pregnancy (latter 









1 


half) 

. 2500 

85 

1.5 

15 

cooo 

1.8 

2.5 

IS 

100 

400-800 

Lactation 

3000 

100 

2.0 

15 

8000 

1 2.3 

3.0 

23 

150 

400-800 

Children up to 12 
years: 










1 

Under 1 year 

100/Kg. 

3-4/Kg. 

1.0 

6 

1500 

0.4 

0.6 

4 

30 

400-800 

1-3 years 

1200 

40 

1.0 

7 

2000 

0.6 

0.9 

6 

35 


4-C j ears 

1600 

50 

1.0 

i 8 

2500 

mm 

1.2 

8 

50 


7-9 years 

2000 

60 

1.0 

10 

3500 

1.0 

1.5 

10 

60 


10-12 years 

2500 

70 

1.2 

12 

4500 

1.2 

1.8 

12 

75 


Children over 1 2 years: 











Girls, 13-15 years 

2S00 

80 

1.3 

15 

5000 

1.4 

2.0 

14 

80 


16-20 years 

2400 

75 

1.0 

15 

5000 

1.2 

1.8 

12 

80 


Boys, 13-15 years 

3200 

85 

1.4 

15 

5000 

1.6 

2.4 

16 

90 


10-20 years 

3S00 

100 

1.4 

15 

6000 

2.0 

3.0 

20 

100 



The vitamin D requirements of adults are not known, but they are probably the same as for children. The 
copper requirement is approximately one-tenth that of iron. (The iodine requirement is probably 0.002 to 0.0O4 
mg/kg body/day; magnesium perliaps 12 mg/kg/day; manganese perhaps 0.25 mg/kg/day.) 
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Table 20.1a. Prescribed and Consumed Food in the United States Army. 

(Average of 117 surveys, 1941-42 by Col. P. E. IloweU 


Food, Ibs/man/day t 

. 1 

Nutrients/man/day 

\ 

issued 

con- 

sumed 

c* 

/o 

wasted 

1 

issued 

con- 

sumed 

%of 

total 

Cal 

Milk and milk products 

Meats 

Kggs 

Butler 1 

Other fats 1 

Grain products 

Legumes 

Sugar and sirups 

Leafy vegetables 

Tomatoes 

Citrus fruits 

Potatoes 

Other vegetables 

Other fresh fruits 

Dried fruits 

1.030 
0.940 
.150 
.088 
.073 
.651 
.052 i 
.261 
.387 
.137 
.205 
.769 
.278 
.348 
.063 

i 

0.974 
.935 
.145 i 
.091 
.075 1 
.578 
.057 
.263 
.314 
.133 
.229 
.650 
.212 
.365 
.017 

. 2.5 
12.2 
6.0 

1.3 
6.6 

9.3 
8.7 
7.0 

20.0 

5.2 

6.3 

16.5 

14.6 
8.9 

d'otal Calorio.s 1 

Protein (g) 

((’al) 

Fat (e.) 

(C’lil.) 

Ciu-bohvdrato ig) l 

(Cal) 1 

Calcium (mg) 

Phosphoru.s (mg) 

Iron (mg) 

' Vitamin A (I.U.) 

Thiamine (mg) 

Hiboflavin (rng) 

Nicotinic acid (ing) 

Ascorbic acid (ing) 

4100 

130 

520 

193 

1737 ; 
460 ! 
1840 ' 
954 
' 1046 

28 

1 10760 

1 2.2 
3.0 
32.0 

j 93.2 

1 

38SS 

124 
500 
193 1 
1737 
415 
1660 

I 883 
ISS2 

25 

9255 

2.1 

2.3 

27.4 

86.0 

13 

1 

44 

4 


»Cf., Ann. Am. Acad. Pol. Soc. Sci., 225, 78 (1943). 

According to H K. Stieboling IFcd. Proc., 1.323 (1042)1. the average per capita (iuily food conMimption (lbs) 
of civilians in 1936 was milk 1.03, meat, poultry and fish 0.326, eggs 0-090, butter and other fats 0.159, gram 
products 0.570, legumes and nuts 0.036. sugar and sirup 0.208, leafy vegetables 0.230, tomatoes and citrus fruits 

0.222, potatoes 0.405, other vegetables and fruits 0.529. 


Table 20.1b. Nutrients per Pound of Food Groups ‘*as Purchased” (Based on hood 

Prescribed for U. S. Army, May-October, 1941). 

G. H. Berryman and P. E. Howe, J. Nut., 27, 237 (1944). 


Group 

Cal- 

orics 

Pro- 

tein 

(g) 

Meats, fish and poultry 

1120 

1 ^ 

05 

Kggs, fresh 

MiIk products (ecpiivs.) 

635 

360 

52 

16 

Fats, butter 

3320 

.1 

1 

Fats, other 

3900 

Grain products’ 

1360 ! 

40 

Legumes, dry and uuts 

1630 

9( 

Sugars and syrups 

1680 

1 

Vegetables, leafy green 

150 

m 

and yellow 

4 

Tomatoes 

130 

5 

Citrus fruits 

140 

2 

Potatoes, white 

330 

8 

Vegetables, other 
Fruits, other than citru.s 

180 

i 

6 

fresh and canned 

290 

2 

Fruits, dried 

1280 

12 


Fat 

(g) 

C(OH) 

(g) 

Ca 

(mg) 

1 

P 

(mg) 

Fe 

(mg) 

95 

2 

41 

719 

9.8 

46 

3 

218 

S4S 

10.9 

21 

25 

556 

427 

.9 

367 

2 

73 

73 

.0 

432 

3 

2 

9 

.1 

14 

270 

160 

4S2 

9.0 

15 

276 

538 

196S 

; 40.7 

1 0 

420 

37 

16 

2.2 

1 

30 

145 

152 

3.5 

1 

26 

61 

160 

2.6 

1 

32 

91 

06 

1.2 

0 

73 

30 

186 

2.8 

1 

37 

102 

173 

1.9 

1 

69 

34 

51 

1.3 

2 

302 

245 

452 

18.0 


Vita- 
min A 

(I.U.) 

Thia- 

mine 

(mg) 

Ribo- 

rtavin 

(mg) 

Niatin 

(mg) 

Ascor- 

bic 

acid 

(mg) 

1201 

1.875 

.77> 

19.4 

3 

4040 

.56 1 

1.45 

0 

• m 

0 

1020 

.U ' 

.74 

,4 

4 

14970 

.01 i 

.04 

.5 

0 

120 

.01 

. .(H 

.2 

0 

20 

1.12 

, .83 

: 11.2 

1 

1 0 

10 

2.40 

1.33 

12.5 

! 0 

U 

.00 

.00 

.0 

' 

1 " 

14750 

.29 

.24 

.27 

91 

3860 

.36 

.20 

2.2 

7S 

90 

.23 

.07 

T.l 

lls 

150 

.34 

.19 

4.5 

46 

180 

.12 

.22 

.9 

J 

49 

1940 

.09 

.17 

1.4 

24 

8320 

.47 

1 . 60 

6.6 

0 

1 

( 


1 When liver is used add 25.000 I.U- Vitumln A and 14.6 mg. of riboflavin per pound of liver, 

: Use this r.Kurc only who,, tl.e eoml.inea weisl.t of the le..n pork cuts (v.r, , fresh ami eure.l l.aui, ,K,rk lo u 
and clions Boston butt, and slioul.ler) is ISCc or more of I he wciKl.t of tl.e meat group W lien tl.e combmed ttoight 
is less tlL 15' i compute the thiamine thus: (wt, in lbs, of lean pork cuts X 5.9) plus (wt m lbs, of all other meat 

X 1 0) This gives the quantity of thiamin in milligrams ... tl.e entire group. 

. Values based on new enrichment levels ellee. ive O.dols-r 1, 19T1. When e..r.che.l flour and bread are not use.l 
count thiamine in the e.itire group os only 0.,59 mg ,s r pouml, rilmtlav... 0.29 mg per pound, ...cotnuc ae.d 4 2 
mg per pound, and iron 5.5 mg ,.er pound (based on "straighf flour); no changes need be made ... other m.tr.ents. 
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Table 20.1c. The monetary cost of nutrients per day of several foods. 

first oolumn under each nutrient gives the cost in cents for the day’s recommended allowance for the 
average not counting the value of other nutrients in the fnod (as cost of 70 gm protein recommended for the 

average lO-kg man. not wunting otlier nutrients in tlie food); the second column indicates the percentage of the 

244 pm7nr sccond columii from the leftf. Thus 

90 ^®"? t? ^-v pint) mdk supph^ 40'r of tlie daily calcium requirements, 12% of the protein requirement 

B^uH 7"V requirement, and so on. Modified from Barbara Kennedy, Cornell Univ. Agr.^Exp. Sta. 


Food 


Apples 

Bananas 

Beans, green 

Beans, navy, dry 

Butter 

Bread, white (4 slices) 

Bread, 100% wheat (4 slices). 

Cabbage 

Cheese, American 

Cornflakes 

Eggs 

Liver 

Milk, whole (i pt, 8.6 oz ) 

Molasses 

Orange (medium) . 

Peaches, canned 


Peas, canned 


Potatoes 

Pork chops 

Prunes, dried 

Rolled oats 

Round steak . . 
Salmon, red, canned 

Spinach 

Sweet potato 

Tomato, canned . 


» 

W 


<1 


c 




u 






170 

16G 

100 

28 

13 

100 

100 

75 

23 

28 

50 

100 

244 

35 

150 

100 


100 


120 

100 

39 

25 

100 

100 

100 

150 

100 


Protein Calcium Iron 


c 

o 

u 


<9 

ai 


5.4 
6.3 

11.3 
7.1 

37 

8.3 

9.4 
3.7 

27 

15 

35/do2 

25 

13/qt 

13 

31 
18 

(*2I 

can) 

15 

(*2 

can) 

2.6 

32 
10 
7.3 


Vita- 
min A 


Thia- 

mine 


Ribo- 

flavin 


^ tf 


o 


O 

'A 


O 


O 

O 


V 

c 

■i 

rt 


276 

115 

82 

5 


14 

13 

42 


-a 

o 

C 

•u c 




U 

30 


— Xf 
A 

c 




c 

V 

w ^ 

•A w 

0^ 


-o 


|-o 

o 

c 

J/1 


tl 

B 

<S| 

*A 

ti Sf 
"0.5 ^ 

c i ‘S c 

c '' c 

^ wJS u wS 

C !/< V u C • 

- 


•A Xf ‘ 


L« 


u t 
3 *= 

A 

- ^ 
S3 


1^^ 
c 

I'M 

w .n I y) (/5 


30 


o 

*4 ^ 


ij 

,1= 


> ^ n •= > hr > 


w Xf 

c 

c 

a. 


c ^ 
w3 

w ^ 

■A e 

o 


C 

w e 


o ^ 
e 

c >> 

&» <4 
UT3 


•y) 

O 


tt 

S 


. ( 
1.9 
3.3 
9 


1 

1 

7 

5 


14.4 
17 
1.7 
14 10 
28 3.3 
31 9.6 
21 29 
12 
1.2 
1.9 
1.1 


2f 
80 
134 
204 


150 
210 
39 

8i 

400 0 

23 9 

23 10 
17 4 

5 27 
177 0 

76 4 

442 1 

U 40 
81 11 
53 5 

194 1 


.3| 47 
43 
27 
2 

31 - I - I 17 


4 

5 
10 
24 


105 

36 

13 


2 63 
6 86 
20 64 
. 6 
61 


3 

3 

4 
8 


142 

64 

60 


'•d 

xt 
if 
G 

v> 

:^u 

l-o.s 

O u 

e ^ 
u a 

I 

\0^ 


Ascorbic 

acid 


1.5 

4 

5 


^ c 

Q ^ 


w b0 

SB 

u 


27 
15 
29 
55 
15 
24 
9 

75 
5 
41 
11131 


4 

16 
3 
3 
6 

12 I 29 


49 

15 


55 3 - 

12 19 62 

2 23 3 29 

9 237 0.6 21 


24 

16 

13 


60 
a 

IA>S 

a V 

ifl 

°c 

S-S 

'su 


9 

13 

20 


3 

56 


68 

4 

22 
6 200 

2 14 


10 71 4 48 

180 48 13 9 

6 - — 15 

— 38 9 

2 40 7 |310 

16 169 1 127 


3 

3 

7 


53 5 152 1.8 29 9 13 21 13 20 73 


6 

67 

20 

1 

2 


12 

75 

2 

41 


20 


60 


23 3.8 47 
31 29 780 


84 1 
7 6 


35 

20 


36 

28 30 

25 

20 28 

7 

68 3 

4.5 

45 4 

9 

97 I 

(«2 


can) 



10 
I.l 71 
2.4 10 
2 4 

16 35 


67 8 


47 
1. 71132 


51 
9 
18 
1.31 50 


9 119 
12 — 
8 5 

10 — 
30 857 
10 85 

21 i 
10 2 
3 8 


1 11 8 43 

— 13 66 106 

16 30 3 

— 5 8 41 

1 129 7 103 

6 — — 67 

500 30 7 15 

100 23 8 35 

20 40 4 75 


2 

8 

1 

8 

8 

14 

5 

2 


50 
5 

120 
5 


13 


20 


2 

4 

6 


100 

40 

30 


Table 20. Id. Nutrients per 100 Grams Edible Food^ 


Food 

Calo* 

ries 

Pro- 

tein 

(g) 

Carbo- 

hy- 

drate 

(g) 

Fat 

(g) 

Cal- 

cium 

(mg) 

Phos- 

phorus 

(mg) 

Iron 

(mg) 

Vita- 

min 

A 

CI.U.) 

Thia- 

mine 

(meg) 

Ribo- 

flavin 

(meg) 

Niacin 

(mg) 

Water 

(g) 

Bread, whole wheat ... 

260 

9 

50 

3.5 

50 

185 

3 

15 

300 

150 

2 

36 

Bread, white 

260 

9 


2.0 

25 

100 

0.9 

0 

50 

10 

1 


Wheat, whole 

360 

12 


2.0 

53 

375 

4.0 

20 

500 

85 

7 

11 

Wheat, white flour 

350 

11 


0.9 

16 

100 

1.0 

0 

50 

15 

1 

12 

Wheat, germ 

380 

25 

49 

10 

70 

1000 

BO 

100 

2000 

700 

6 

11 

Wheat, bran 

360 

16 

66 

4 

120 

1200 

13 

140 

520 

350 

30 

7 

Rolled oats 

400 

14 

6$ 

7.5 

mm 

390 

4 

0 


140 

1.3 

8 

Corn, whole 

360 

9 

72 

4 

Bn 

190 

0.9 

600 

! 200 

120 

2 

10 

Rico, unpolished 

355 

7.5 


1.7 

Bn 

300 

2 

0 

300 

150 

7 

12 

Rice, polished 

350 

7.5 

' 79 

0.3 

9 

100 

0.9 

0 

30 

50 

1 

12 

Soybean flour* 

380 

37 

10 

20 

200 

450 

7 





7 

Peanut butter 

610 

26 

26 

48 

70 

400 

2 



500 

15 

2 

Yeast, dry brewers* 

350 

46 

37 

1.6 

77 

190 

5 



5000 

50 

7 

Dehydrated cereal 

grass, age 30 days* 


25 


7 






2620 

8 



(Continued) 
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Table 20. Id (Continued) 


Food 


Skimmilk powder* 
Wholcmilk powder 
Skimmilk, fresh. . 
Wholemilk, fresh 
Cheese, cheddftr. . 
Cheese, cottage 


Calo- 

rics 


ICgg. fresh 
Beet, liver 
Beef steak 
Chicken, . 
Herring . . 
Salmon 
Cabbage . 
lettuce . 
Apples 


300 

bW 

30 

6S 

400 

100 


15S 

130 

200 

130 

140 

220 

25 

10 

CO 


Pro- 

tein 

(g) 


30.9 

2G 

3.5 

3.5 

24 

20 


12.8 

20 

19 

20 
19 
17 

1.4 

1.2 

0.3 


Carbo- 

hy- 

drate 

(g) 

Fat 

(g) 

Cal- 

cium 

^mg) 

Phos- 

phorus 

(mg) 

Iron 

(rag) 

50.3 

0.9 

1310 

1020 

... 

3S 

27 

920 


1.5 

5.0 

0.2 

120 

96 

0.2 

4.9 

3.9 

116 

93 

0.2 

1.7 

: 32 

920 

6S0 

1.4 

4 

0.5 

SO 

300 

0.1 

0.7 

11.5 

C5 

180 

3 

9 

6 

10 

400 

8 

0.5 

12 

10 

200 

3 

0 

12 

10 

220 

3 

0 

6.7 

20 

220 

0.6 

0 

10.5 

25 

250 

1.2 

4.3 

0.2 

45 

29 

.5 

2.3 

0.2 

45 

40 

.7 

14 

0.4 

7 

12 

0.4 


Vita- 

min 

A 

(l.U.) 

150 

1600 

15 

200 

2000 

25 


1000 

9000 

20 

200 

250 

40 

200 

50 


Thia- 

mine 

(meg) 


355 

315 

30 

30 

40 

30 


150 

300 

200 

120 

120 

120 

80 

90 

45 


Ribo- 

flavin 

(meg) 

Niacin 

(mg) 

Water 

(s) 

2100 

1 

3.3 

1600 

1 

2.5 

170 

0.11 

90.5 

170 

0.11 

87 

450 


39 

(composition 
depends on 
fat) 

74 

300 

7 

74 

2500 

20 

70 

300 

5 

0-70 

175 

7 

565 

1000 

4 

73 

220 

7 

63 

65 

21 

92 

100 

21 

95 

75 

21 

84 



„>riclo..n 2.5 .o 5 pantothenio 

“IlSSr m', . D " Nov. >043. AUo aah S. 16% as contrastcU 

If! <.8. .8S a«3>| on;s U.yo.>o,^.« vn^^ valu^^ 

ascorbic acid 0.21 ing, gin ilrs’ mutter. 


Table 20 le. Composition of Dehydiated (at SO’C) Young (3 6 Weeks after 

Planting) Cereal Grass on Moisture-Free Basis 

Data kindly furnished by George 0. Kohler through 


Arc 

from 

planting 

(days') 


24 

27 

30 

33 

3C 

39 

42 

45 


Vitamin 

B« 

(thia- 

mine) 

(meg/g) 


12.9 
12.0 
12.8 

9.4 

10.9 

8.5 
2.1 
0.5 


Vitamin Vitaminv- 


\u 

(ribo- 
flavin) 
(meg g) 


20.8 
20 . 5 
20 . 2 
23.4 
22. K 
20.0 
i:>.7 
14. G 


C (as- 
corbic 
acid) 
(mg'g) 


0.41 
0.88 
6.11 
4.2.S 
4.97 
3 . 24 
3.10 
3.09 


tenc^ 

(mg/ 

g) 


Biotin 
(meg/ 
1 g) 


Panto- 

thenic 

Acid 

(meg/ 

g) 


().549i 

0.5411. 

0.579 

0.479 

0.411 

0.34S 

0.344 


.181 

.1^5 

.220 

.239 

.204 

.2:11 

.152 

.173 


13.7 
14. G 

17.0 

17.7 

17.4 

16.5 

13.0 
1G.8 


Nia- I- ca^eit 
cin i growth 
(meg/ factor* 
g) (meg/g) 


92.5 
81. .5 

77.7 

09 . 7 

04.9 

58. 0 

53.1 

52.9 


17.0 

18.1 

14.6 
12.3 

9.4 

10.7 
7.7 

6.4 


Pro- 

tein 

(per 

cent) 


25.1 

25.8 
24.0 

21.8 

21.3 

18.2 
19.7 

10.3 


Fat 

(pet. 

ether 

e.ttract) 

(per 

cent) 

Fiber 

(per 

cent) 

1 

Chloro- 

phyll 

total 

(mg/g) 

1 

7.2 

16.1 

8.35 

8.7 

17.2 

7.83 

8.3 

18.3 

8.36 

7.2 

20.4 

7.10 

0.3 

22.3 

7.53 

7.0 

23.8 

6.18 

6.7 

28.9 

4.83 

0.8 

25.7 

5.16 


Solids 

in 

fresh 

grass 

(per 

cent) 

11.0 

17.0 

19.0 

15.0 

14.0 

15.0 

15.0 

16.0 


*Thc vitamin, protein. content henJls appeared on the 39th day. 

Kohler's plants jointe.l by the 27tli day >Vtn I e (bv Dr (^;ruham)-as absolutely sound". ^ , 

'"‘"f t ‘‘NorU duiro'fac^^ identical with foUc acid, vitamm Be (Hogan s 

nf>i-r high, but --t un^nal^-^^Th^^ 

255, 1942) rpioteM in mg per IW gm frtjh rnix g • j and Kn'nneerinj/ C/iemiafry, 13, 600, l^'^ 

tinie acid (1.7. aaeorbic aeid 100. ^ g^^^^ 200. alfalfa leaf 100. carrot root 105. But 
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Table 20.2a. 
Christensen, 


Relative Efficiency of Production of Human 

Livestock 

R. P-, “Using resources to meet food needs/' 

Agr. Econ., 1943 


Food Nutrients 
U. S. Dept. Agr., 



Calories 

(lUOO’s) 

Protein 

(lb) 

Yield of nutrienLs per 
acre: 



Whole milk 

352 

39 

-All dairy products 

290 

25 

Dairy enteriirise 

235 

22 


144 

26 

Chickens 

108 

25 

Broilers 

117 

27 

Chicken enterprise 

132 

26 

Hogs (ix)rk and lard) 

500 

18 

Steers 

57 

$ 

Lambs 

115 

13 

Yield of nutrients per 100 
man-hours of farm 
labor: 



Wlioie milk 

791 

S9 

.All dairy product.s 

651 

55 

Dairy enterprise 

633 

60 

Kggs 

313 

56 

Chickens 

322 

74 

Broilers 

270 

04 

Chicken enterprise 

317 

61 

Hogs (i>ork and lard) 

161$ 

58 

Steers 

289 

42 

Lamb 

521 

58 

Yield of nutrients per 
1,000 feed units: 



Whole milk 

276 

31 

•All dairy products 

227 

19 

Dairy enterprise 

182 

17 

Lggs 

113 

20 

Chickens 

S3 

19 

Broilers 

98 

23 

Chicken enterprise 

102 

20 

Hogs (ix)rk and lard) 

349 

13 

Steers 

40 

6 

Lambs 

85 

9 



472 

292 

207 

39 

/ 

8 

27 

4 

2 

3 


Phos- 

phorus 

(g) 


475 

291 

227 

193 

122 

131 

169 

100 

40 

81 


lOOG 

654 

613 

419 

363 
314 
405 
324 
203 

364 


372 

228 

175 

150 

94 

no 

130 

70 

28 

60 


Iron 

(mg) 


1028 

659 

730 

2473 

1065 

1146 

1989 

Mil 

556 

1102 


2309 

1479 

1968 

5378 

3106 

2739 

4775 

4564 

2829 

4981 


805 

515 

565 

1931 

818 

963 

1540 

985 

387 

816 


Vitamin 

A 

(1000 

I.U.) 


991 

933 

669 

916 


599 


2226 

2090 

1804 

1993 


1438 


776 

731 

517 

716 


464 


Thia- 

mine 

(mg) 


149 

87 

78 

188 

53 

57 

141 

959 

34 

183 


335 

195 

209 

408 

158 

137 

339 

3102 

171 

827 


117 

68 

60 

146 

41 

48 

109 

670 

23 

135 


Ribo- 

flavin 

(mg) 


894 

527 

398 

458 

28 

30 

309 

130 

47 

124 


2008 

1183 

1074 

990 

83 

72 

742 

419 

239 

563 


700 

412 

308 

358 

21 

25 

240 

91 
33 

92 


from 

Bur. 


Niacin 

(mg) 


508 

289 

991 

57 

3755 

4041 

1345 

4974 

1786 

1853 


1141 

649 

2672 

125 

11160 

9655 

3240 

16092 

8084 

8377 


398 

226 

767 

45 

2884 

3393 

1041 

3474 

1230 

1372 


Table 20.2b. Relative Efficiency of Production of Human Food Nutrients from Crops 

Christensen, R. P., “Using resources to meet food needs,” U. S. Dept Agr Bur 

Agr. Econ., 1943 


Yield of nutrients i>er 
acre: 

Wheat, whole flour 
Wheat, white flour 
Corn meal (yellow) 
Cornflakes 
Oats, rolled 
Potatoes 
Sweet potatoes 
Sugar 
Beans, dry 
Peas, dry 
Soybeans, whole 
Soybeans (oil) 

Cabbage 

Carrots 

Tomatoes 

.Apples 

Peaches 

Oranges 


Calories 

(lono’s) 

Pro- 

tein 

(lb) 

Cal- 

cium 

(g) 

Phos- 

phorus 

(g) 

Iron 

(g) 

Vitamin 

A 

(1000 

I.U.) 

1,132 

90 

167 

1,177 

15,743 


833 

56 

35 

237 

2,351 

0 

1,122 

57 

31 

441 

2.997 

347 

595 

29 

25 

185 

4,466 

0 

987 

78 

202 

910 

12.961 

0 

2.283 

118 

348 

1,300 

19,656 , 

1,074 

1,801 

55 

502 

649 

11,047 

55,480 

6,634 

0 

0 

0 

I 0 

0 

1,081 

150 

457 

1.430 

' 31.819 

0 

1.248 

190 

257 

1,399 

21,150 

932 

1,545 

339 

l.OOl 

2.586 

37,033 

573 

612 

0 

0 

0 

0 

0 

870 

96 

1,459 

99$ 

16,128 

5,094 

2.685 

166 

2,381 

2.291 

48,330 

431.354 

408 

41 

198 

490 

10,960 

23.588 

1,073 

13 

98 

166 

5,080 

1.317 

939 

18 

150 

397 

10.483 

31.271 

1,909 

68 

1,264 

901 

13,173 

2,446 


Thia- 

mine 

(mg) 


ViU- Ribo- V • 
min C flavin 
(g) (mg) 


1,582 

155 

725 

0 

2,018 

2.412 

1,409 

0 

1.608« 
4,440 
5,152 
0 

2.522 
3,652 
1.446 
415 
369 
3,818 


0 

0 

0 

0 

0 

265 

359 

0 

0 

0 

0 

0 

1,741 

430 

455 

68 

150 

1.604 


486 

103 

94 

0 

374 

1,331 

971 

0 

964 

1.236 

1,323 

0 

1,562 

4.278 

816 

1,166 

1,106 

1.169 


15,274 

2,329 

1,878 

837 

2,499 

31,374 

16,571 

0 

8,653 

6,343 

10.692 

0 

9,088 

$8,963 

10,552 

8.294 

17,568 

19,088 


Table 20.2b (Continued) 



Calorics 

(lOOO’s) 

Pro- 

tein 

(lb) 

Cal- 

cium 

(S) 

Phos- 

phorus 

(fi) 

Iron 

(g) 

Vitamin 

A 

(1000 

l.U.) 

Thia- 

mine 

(mg) 

Vita- 
min C 
(g) 

Ribo- 

llavin 

(mg) 

Niacin 

(mg) 

Yield of nutrients per 100 
man hrs. of farm labor: 
Wheat, whole flour 

12,582 

1.002 

1,852 

13,078 

174,930 

1 

17,584 

0 

5.398 

169,722 

Wheat, white flour 

9,251 

621 

389 

2,629 

26,124 

0 

1,720 

0 

1,149 

25,876 

C^rn meal (yellow) 

4,109 

211 

114 

1.614 

10,977 

1,272 

2.655 

0 

346 

6.879 

Cornflakes 

2,178 

105 

i 93 

677 

16,359 

0 

0 

0 

0 

3. 065 

Oats, rolled 

10,963 

868 

2,245 

10,107 

144.008 

0 

22,425 

0 

4,153 

27,761 

Potatoes 

3,358 

174 

511 

1.912 

28,907 

1 , 579 

3,547 

389 

1 . 957 

40. 140 

Sweet potatoes 

1.583 

48 

440 

‘569 

9,691 

48,670 

1 . 236 

315 

852 

14.537 

Sugar 

2.787 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

Beans, dry 

4,159 

576 

1.756 

5.501 

122,384 

0 

6,183 

0 

3,706 

33,283 

Soybeans, whole 

12.879 : 

2,821 

8.343 

21,546 

308,610 

4,779 

42,930 

0 

11,025 

89. 100 

Soybeans (oil) 

5,103 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Cabbage 

799 

88 

1.330 

916 

14,796 

4,674 

2,313 

1 . 597 

1.433 

8.33S 

Carrots , 

829 

51 

735 

707 

14,918 

133,141 

1,127 

133 

1,320 

27,459 

Tomatoes 

242 

24 

117 

290 

6.4S6 

13,959 

856 

269 

483 

6.244 

Apples 

873 

10 

80 

135 

4,131 

1,071 

337 

55 

94 S 

6,744 

Peaches 

751 

14 

120 

318 

8. 387 

•‘25.017 

295 

120 

885 

14.054 

Oranges 

1,224 

44 

810 

577 

8.445 

1,568 

2.447 

1,086 

750 

12,236 


Table 20.3A. Per Capita Food Consumption in terms of retail purchase weiglit 

in pounds per year.* 


All foods 

Fluid milk, cream 

Cheese, evaporated milk, icc cream 

Butter 

Meats, poultry, fish 

Beef 

Veal 

Pork, lean 

Lamb, mutton 

Chicken 

Eggs (I doz. = 24 oz) 

Lard 

Bacon, salt pork 

Lfiu-d compounds, margarine, mayonnaise, 

salad oil 

Cereals, flour 

Potatoes (Irish, sweet) 

Sugar, sirup 

Dry legumes, nuts 

Tomatoes, citrus fruits 

Leafy, green, yellow vegctal)les 
Other vegetables 

Deciduous fruits 

Coflee, tea, spices, chocolate 


1921-26 

1926-31 

1931-36 

1936-41 

1355 

1375 

1335 

1411 

331 

341 

336 

343 

23 

25 

26 

34 

17.9 

17.7 

17.7 

17.0 

140 

132 

131 

137 

52 

44 

40 

(56 

7.6 

6.1 

7.1 


46 

46 

41 

' 43 

5.2 

5.9 

6.7 

6.7 

14.8 

, 15.5 

14.6 

14.7 

39.5 

40.9 

35.5 

37.7 

13.5 

13.0 

12.4 

12.7 

20.2 

20.1 

18.0 

18.7 

9.9 

12.4 

14.4 

17.0 

227 

223 

200 

195 

164 

157 

157 

147 

116 

102 

95 

100 

12 

14 

15 

16 

48 

53 

()0 

84 

57 

65 

67 

79 

40 

45 

45 

53 

156 

163 

150 

165 

17 

17 

18 

21 


•Compiled from Agricultural Statislics, U.S.D.A,, 1942. 


Table 20.3b. Consumption, pounds per capita per year, in the U. S. A. 


Meat and lard: 

Beef 

Veal 

Lamb and mutton 
Pork (excl. lard) 
Total meats 
Lard 


Dairy products, commercial (cities and villages) 
All (fairy products, milk equivalents 
Fluid whole milk 
Skimmilk and its products 
Butter 

Cheese (except cottage, ix)t, baker h) 

Evaporated wliolc milk 

Condensed whole milk 

Ice cream ... ,, 

I gal. milk =* 8.6 lb; 1 qt. milk » 2.15 lb. 

1 gtti. icc cream =* 5 lb. 

Poultry and eggs: 

Chicken 

Turkey 

Eggs (number, not lb.) 

Oleomargarine 


1925 

1930 

1936 

1940 

1941 

60.0 

48.9 

57.9 

55.1 

01.5 

8.6 

6.4 

8.4 

7.4 

7.7 

5.3 

6.7 

6.0 

6.6 

6.9 

67.3 

07.0 

55.0 

72.9 

68.9 

141.2 

129.0 

127.9 

142.0 

145.0 

12.5 

12.7 

11.3 

; 15.0 

14.8 

801 

818 

797 

825 

814 

353 

353 

338 

347 

347 


425 

429 

450 

457 

18.0 

17.3 

16.5 

17.0 

10.4 

4.6 

4.6 

5.4 

6.0 

6.0 

0.2 

11.3 

14.) 

17.5 

18.5 

1.1 

0.8 

0.4 

0.2 

0.2 

10 

10 

10 

12 

14.5 

19.8 

21.6 

19.0 

18.9 

20.3 


1.8 

2.7 

3.0 

3.6 

318 

331 

289 

310 

316 

2.0 

2.6 

3.1 

2.4 

2.7 
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Chapter 21 

Milk: Nutritional, Social, and Physiological Aspects 

Thou Shalt have milk for thy food, for the food of thy household, and for 
the food of thy maidens. King Solomon 

Milk is the nearest thing we possess to a perfect and complete food, and 
no other single food can be employed as a substitute. Harietle Chick 

The production of milk constitutes the most economic method of con- 
verting feeding stuffs into animal products and the maintenance of milk 

supply is the most important object of war-time husbandry Norman C 
Wright 


21.1; Introduction. The milk problem has surprisingly complex inter- 
relations: energetic efficiency (Chs. 1, 2, 3, 21, 22), endocrinologic (Ch. 7), 
seasonal (Ch. 8), temperature (Ch. 11), nutritional and medical (Chs. 4, 5, 
6, 20, 21, 22), time relations and aging (Chs. 16, 18, 19), evolutionary, or- 
ganismic and homeostatic (Chs. 7 and 10), form-function (Ch. 17), soil fer- 
tility and national stability (Ch. 25), and so on. 

Milk production has been said to be the backbone of American agriculture 
and milk consumption the kej’stone of American nutrition. The proverbial 
vigor of the pastoral peoples is undoubtedly associated with their high milk 
consumption, and Americans match them in vigor. 

There is one milking cow for five persons in the U. S. A. At the current 
rate of milk production (5000 lbs milk per cow per year), one quart is pro- 
duced per capita per da 3 ^ Of this one quart about half is consumed in fluid 
form; the remainder is used for producing butter (about 20 lbs of 4 per cent- 
fat milk for one pound of butter), cheese (about 10 lbs milk per lb cheese), 
ice cream (over two quarts of milk for one quart of ice cream), evaporated 
and condensed milk (2.2 lbs milk per lb evaporated milk), powdered milk (8 
lbs milk per lb powdered milk), malted milk (2.6 lbs milk per lb malted milk), 
and so on. The by-products from the production of butter (“defatted milk” 
or skim milk), cheese (whey), and so on, are utilized as food for man, feed 
for animals and for the manufacture of various products, .such as casein, 
lactose, confections, vinegar, sizing, various plastics for buttons, “wool”, etc. 

The importance of milk is indicated by the fact that about one-fifth of the 
average farmer’s cash income is derived from the sale of milk and one-fifth 
of the average consumer’s food dollar is expended for milk and dairy products. 
(The 1941 American per capita consumption was 164 quarts fluid milk, 18 lbs 
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butter, 6 lbs cheese, IG lbs evaporated milk, 2 gals ice cream, and considerable 
amounts of powdered milk). While the daily industry is gigantic in the 
aggregate^ the average dairy farm is small, typically a single-family enter- 
prise. Half the country’s daily cows are in herds of 8 cows or less, and three- 
fourths are in herds of 15 or less (only 5 per cent of the cows are in herds of 
30 to 50 cow^, 2 per cent in herds of 50 to 75, and 1 per cent in herds of over 
75 cows). Daily farming is thus one of the few remaining stable family 
business enterprises; indeed, it is a way of living as well as a way of making a 
living, with corresponding far-reaching implications for national stability 
(Chs. 10, 16, 25). It is generally agreed that national welfare (health, soil 
fertility, population stability) demands that everything should be done to 

maintain a prosperous dairy industry. 

While the production of pork, beef, egg, requires less human labor in pro- 
portion to food yield than the production of milk- the dairy cow is far more 
efficient in converting cattle feed into human food than are other farm animals 
in converting feed into meat or egg. The energetic efficiency of milk produc- 
tion in superior dairy cattle is 33 per cent, contrasted to about half this level, 
17 per cent, for egg production in comparable superior fowls, and 5 to 15 
per cent for’meat production (Chs. 1, 3, 22, 23). The energetic efficiency of 
milk production is so much greater that in spite of the greater labor cost of 
milk production the current price of egg and meat is about 81.10 per pound 
of dry matter, whereas the price or whole fluid milk comes to about 50 cents 
per lb of dry matter and of non-fat dry milk (diy skim milk), only 14 cents 
per lb. Moreover, methods are being developed to reduce the human labor 
involved for milk production by greater use of better machines and by the 

use of larger animals of higher dairy merit (Ch. 22). 

Furthermore, cattle consume roughage which swine and poultry cannot 
consume and, unlike non-ruminants, synthesize by way of rumen micro- 
organisms complete nutrient proteins from incomplete feed protein and virtu- 
ally all the B vitamins (Ch. 20). The milk nutrients are thus, in part, 
obtained in the nature of a windfall, from material which is otherwise nutri- 
tionally useless. 


Dairy cattle now consume’ 91 per cent of all the silage consumed by farm animals, 
53 per cent of the hay, 38 per cent of the other dry roughages, and 38 per cent of the 

for a living.’’ Sec Table 21 7^ producing 5000 lbs milk, and 

» The annual of mi king and caring j g^eer, 32 hours; 

S"!o"odi“£ i. .00 

“• SX"'c”c;ir«7o(“'lS'' 
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pasture. These are feeds which cannot be used by man or even by swine or poultry 

)a.ry cattle consume only 19 per cent of the grain and other concentrate feeds Swine 

however, consume 48 per cent of all the corn or 35 per cent of all the concentrate feeds 

and except for about 2 per cent pasture, no roughage. Poultry consume 21 per cent of all 

concentrate feeds and for about 1 per cent pasture, no roughage. Speaking very gen- 

erally-the feed units are not really equivalent for different farm animals-dairy cattle 

consume 34 per cent of all the feed consumed by farm livestock, beef cattle 20 per cent 

s leep and goats t per cent, horses and mules 14 per cent, swine 15 per cent, poultry 9 

per cent. These figures give a rough idea of the relative magnitude of the dairy in- 
dustry from the viewpoint of use of raw material. 


21.2 : Nutritional importance of milk. Unlike other foods which he had to 
learn to consume, man, in common with other mammals, is a born milk con- 
sumer. .Milk was evolved through the ages specifically for the nutrition of 
intant mammals, for bridging the gap between the dependent intrauterine 
and the independent adult life (Sect. 7.2). Milk from all species contains 
the same nutrients, although in different proportions. Finding milk good, 

man domesticated convenient mammals for furnishing him with milk throuch- 
out his life. 

Ha\ ing been develojied for nourishing rapidly growing yet delicate and 
toothless infants, milk has unique physical and nutritional properties. Milk 
is bland, soothing, fluid, yet highl}' nourishing; hence its use as food during 
“melancholy”^ and other distuiUances, especially digestive, such as ulcer, 
for which milk is often used as a virtually e.xclusive dieU. 

Milk is commonly thought of as a “drink,” but'this must not lead one to 
the mistaken idea that fluid milk has less solids than some “solid” foods. 
Indeed, the opposite is frequently true. Thus, whereas the solid content in 
fluid milk is about 13 pei cent, that in turnips is only 9 per cent, in tomatoes 
G per cent, in lettuce 5 per cent. Milk is, of course, easily made “solid” by 
treating it with yennet or by simple souring, both of which may be followed 
by “baking.” 1 he writer recalls the pleasant flavors and tastes of many sour- 
milk dishes partaken while visiting in the Balkans, especially in Belgrade, 
where “Bulgaricus .Milk,” made famous by Metchnikoff as a life prolonger’ 
is so widely used by all clas.ses of .society. It is, of course, the nutrients in 
milk rather than the bacteria that prolonglife (see, however, Rettger’^ below). 
Bulgaiicus and othei types of milk-souring destroy dangerous bacteria, thus 
making the milk .sate as food. This is the major (even if unconscious) reason 
foi the use of soured (or boiled) milk in much of Europe where hygienic con- 
ditions are not satisfactory and bo^dne tuberculosis is verv common. 

The nutritional importance of milk is indicated by the fact that a quart of 
cow’s milk a day furnishes (Table 21.1) an average man (of 70 kg or 154 lbs) 
approximately all the needed fat, calcium, phosphoms, riboflavin, one-half 
of the needed protein, one-fourth of the needed energy, over one-third of the 
vitamin A, one-fifth of the thiamine and ascorbic acid, considerable amounts 

^ “Milk is especially good for them which be oppressed wdth melancholy, a common 
calamity of students.”— Thomas Cogan, 1584. 

‘Shay, H., Jour. Am. Med. Assoc., 120, 740 (1942). 
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of nicotinic acid and choline, and other factors, and, with the exception of 
iron, copper, manganese and magnesium, which are low in milk, all the needed 
minerals. (The protein in a (piart of milk is roughly etiuivalent to that in 5 
ounces of meat or fish, or 5 large eggs, or 4 ounces of American cheese, or Ifi 
slices of bread. The energy of a (piart of milk is roughly eciuivahait to that in 
f lb of meat, or 8 eggs, or 2 lbs of potatoes.) 

These estimates do not fully indicate the contribution ol milk to the average 
diet because of the uniciue supplcmenlari/ value of milk to other toods (Sect. 
20.4). For example, when growing pigs are fed only cereal, al)out 30 per cent of 
the cereal protein is utilized for growth ; but if milk is added to the diet (liciuid 
milk equal in weight to the cereal weight) GO per cent of the protein is utilized 
for growth® because of the supplementary cfi'ect of the protein and other con- 
stituents of milk. 

Dramatic results of broad social significance were reported on the supple- 
mentary value of milk on growth of children, especially those by Dr. Corry 
Mann^. His boys were receiving a diet rated as adeejuate, l)ut Dr. Mann 
wanted to see what an extra glass of milk at meals (a pint jier day) would do. 
Records were kept of half of the group on their usual diet, and of an ecpial 
number who received the milk supplement. 4'he result was that while the 
“control” boys gained 4 lbs in weight and 1.8 inches in height, the milk- 
supplemented group gained 7 lbs and 2.G inches. Ihe casual visitor would 
never fail to recognize the boys receiving the extra milk, said Dr. Mann; 
“they were obvioush^ more fit.” 

The spectacular growth-accelerating effect of milk on weight and espcciall}' 
on height (skeleton growth, see Fig. 21 .lb) is perhaps due largely to the richness 
and availability of calcium in milk. In :\Iann’s experiments the addition of 
casein equivalent to that given in milk and margarine equivalent to the buttei- 
fat in the milk did not increase the height as did whole milk. Leighton and 
Clark^ found that skm milk increased growth in height as much as whole milk. 
These observations lead to the conclusion that the calcium in milk is a majoi 
factor in increased growth of the skeleton. Ordinary diets aie moie otten 
deficient in calcium than in any other nutrient, and are thus made good 

by milk. 

These obseiwations on the remarkable influence of skim milk supplement on 
growth suggest the need of elucidating a current problem in the dairy industry. 

As previously noted, there is enough milk produced in the Lnited States to 
furnish a quart per capita per day, the optimal level of milk intake. Half 
of this milk, henvover, is used for manufacturing butter (about 18 lbs per 
capita per year) and chei'se (about (> lbs par capita i)er year). The popularity 

°Steenbock, II., ami Hart. K. B., ./• RioL Chem., 38. 207 (HMO); 42. 07 (1020); Wis. 

Agr. Kxp. Sta. Bun._342, l.)22.^ “Did for bovs during tho sfhool ago.” Special 

luai. 
atso 

. Iv. , 

(1925). 
( 1020 ). 

- (1028). 

Morgan, 
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Fig. 21.1a 



Fig. 21.1b 


groups 
white 


10 w,*it T J.U \ ^ u, «intc uit;au cuuiainiiiK 

if hr^ ^ *” 35 gm. at a food cost 

of 25 gm. bread per gm body gam; group 2, gained 110 gm. at a cost of 6.6 gm. bread per 

™. body gam; group 3, gained 164 gm. at a cost of 5.2 gm. bread per gm. gain. While 

the larger animals had a higher maintenance cost (because of their larger size), yet 

their gams were more econoimcal. ® o' 
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Fig. 21.1c. 

See legend on page 796. 


of butter is, of course, due to its high nutritive value, its veiy tasty flavor, 
ease of its manufacture from cream and ease of preservation. The advent of 
the mechanical cream separator and the Babcock tester made it easy for the 
farmer to separate cream from milk to any fat percentage, and for the butter- 
maker to pick up the cream for butter manufacture. The skim milk was fed 
to the swine and poultry, for, as previously noted, milk, even skim milk, is an 
excellent supplement to cereals noimally fed to these animals. 

But it is also good for man to supplement his cereal vdth milk, even skim 
milk; and as long as there is not enough of a given food for man, it is, usually, 
wasteful to feed this food to livestock. For example, per unit dry matter, 
milk is nutritionally equivalent to meat; yet when fed to animals only about 
ten per cent of the milk solids is recovered in the foim of meat solids® (Ch.3). 
Thus it is estimated that about 50 billion pounds of skim milk® (about 4 
billion pounds non-fat dr^^-milk solids) perhaps 40 per cent of the total milk 
solids produced in the United States, said to be equivalent to the protein in 
200 million beef steers^®, is diverted from human use, and 90 per cent of it is 
wasted as far as human nutrition is concerned. (There are, of course, excep- 
tions, as when a little skim milk may be the limiting factor in a ration for 
chickens in egg production.) 

More specifically, Krauss" reported that if United States milk production 
were completely utilized as human food, the non-fat part of the milk would 
satisfy the protein needs of 67 million persons, the riboflavin needs of 130 
million persons, the calcium needs of 165 million persons; but that according 
to the present practice of feeding the skim milk and whey to livestock, etc., 
only half of these nutrients are utilized for human consumption. This huge 
waste of food is due to a serious misunderstanding about the nutritive value 
of defatted or skim milk. Let us, therefore, discuss this problem briefly. 


8 Abbott, J. S., Am. J. Public Health, 30, 237 (1940). 

® “Consumers’ Guide,” U. S. D. Agr., July, 1939. , ^ > t> 

^°Ro8e. W. C., Jones, D. B,, Morse, W. J., and Pollock, R. C., ® 

tein Supply.” Nat. Research Council Reprint and Cu^cular Senes, No. 114, Aug. 1942. 

“This discussion is based mostly on Krauss, W. E., AddreM American Dry Milk 
Institute, April 14, 1943; Reed, O. E., Address National Dairy Council, June 28, 1943. 
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The composition of whole milk is given in Table 21.1 in the fonn of a com- 

pari.son between the nutritional needs of an average adult pemon and the 

nutrients furnished in a quart of average market milk (slightly modified from 
Krauss^*). 


lable 21.1 bhows that a quart of average milk (2.15 lbs or 4 glas.ses of 8 fluid 

ounces each) supplies to an average moderatel}' active man approximately 

the follo\nng percentages of the nutrient standard; 150 per cent of the calcium, 

70 per cent of the ribofla\-in and phosphonis, 50 per cent of the protein, 40 

per cent of the ^’itamin 25 per cent of the ascorbic acid>^ 20 per cent of 

the caloiies and thiamine, 5 to 10 per cent of the iron, nicotinic acid, 
and vitamin D‘=. ’ 

The milk energy is seen (Table 21.1) to be equallj' divided between fat, 330 
Calories (37 gm fat per quart) and non-fat, 330 Calories (49 gm lactose and 
34 gm protein per ciuart). (The energy A'alue of whey is about 270 Cal per 
quait 01 pel kg.) The milk /a/ thus supplies half the milk energ}^ the vita- 
mins A and D, and much of the flavor; the non-fat part of the milk, the skim 
milk, supplies the other half of the energy, the proteins of high biological 
value, calcium, riboflavin, phosphorus, iron, ascorbic acid, thiamine, nicotinic 
acid, anti apparently some unknown growth factom (Reed). It is thus clear 
that in evaluating milk as a food, at least as much value should be placed on 
the non-fat as on the fat portion. 

A slow transition ma}" be taking place in the dairy industry as a result of 
the war and its associated world-wide food shortage’^ Ways will, no doubt, 
be found to saA’e the skim milk, buttemilk, and whey for the human dietary! 


The yitamin-.\ value of milk varies with the carotene content of the feed Fresh 

pasture yields milk highest in vitamin A content, followed by well preserved silage 

then by ha^ especially if dried by rapid-drying methods.-Hilton, J. H., el at., /. 

Daily bci, 16, 3o5 (193o). l-or the influence of feeding high vitamin A shark-liver oil 

on the vitamin A in nnlk, see Jensen C., et aL, J. Dairy Sci, 26, 1931 (1943). Like^e, 

the vitamin D of milk varies with the vitamin D content in the feed as well as with 
sunshine. 

•’There is a large literature on the ascorbic acid content of milk. The ascorbic 
content in cow; s milk is about one-sixth and the iron content about one-third of that 
in woman's milk but the riboflavin content of cow's milk is about five-fold that of 
w^oman's milk. Heating in copper dishes destroys ascorbic acid. To save ascorbic 
acid in sterilization, heat the milk to the boiling point very quickly (to destroy as- 
corbic acid oxidase) then boil for three minutes. The ascorbic acid content of un- 
pasteurized milk ranged from 17 to 37 mg, average 26 mg/Iiter, for individual cows and 
13 to 19 mg/Iiler in plant composites before pasteurization and 16 to 17 mg/liter after 
pasteurization. [C. H. Whitnah, et al., J. Dairy Set., 19, 373 (1936); 20, 9 (1937) 1 Other 
reports: 20 mg ascorbic acid/liter (P. F. Sharp, Science, 84, 461 (1936)]; mixed milk 

(average 17.3 mg/liter) and 

after pasteurization 7.8-19.0 mg/Iiter (A. H. Holmes, J. Am. Diet, xissn., 16, 363 (1939) ). 
Some authoi-s claim an ascorbic acid peak for summer milk, others for winter milk yet 
the character of the cow's feed does not influence the ascorbic acid content in milk 
[Holmes, J. Aw/., 17, 187 (1939); 26, 337 (1943)]. The ascorbic content of human milk 
vanes with the diet, but it is about 60 mg/qt. [King, C. G., el aL, J. Nut., 11, 599 
(1936) ). The reports vary similarly for the other vitamins. Borsook suggested that 
milk should be enriched with crystalline thiamine as it is now frequently enriched with 

The food shortage referred to applies to most of Asia and Europe but not to the 
United States^ where malnutrition is due to ignorance and economic factors rather than 
to national lack of food as such. Indeed, the 1942 agricultural production schedule 
supplies protein adequate to feed 183 million persons (furnishing 81 lbs protein per 
capita per year or 73 gm per capita per day), whereas there are only 134 million persons 
in the United States. Rose, \V, C., et al.^^ 


MILK: NUTRITIONAL, SOCIAJ., PHYSIOLOGICAL ASPECTS 


799 


Instead of separating the milk on the farm and feeding the skim milk to live- 
stock, the creameries and cheese factories may take the whole milk and de- 
velop facilities for drying the skim milk, huttermilk, and wliey*‘\ The dry 
products may be sold in the form of capsules, wafers, or powder, perhajis 
variously flavored, on grocery shelves^*^, in jars, cartons, and air-tight, moisture- 
proof envelopes. The packages could contain 4=^ ounces (127 gm) solid whole 
milk, each equivalent to a (piart of Iluid whole milk, or the envelopes could 
contain a fourth of this, etpiivalent to a large glass of milk, or multiples of 
these amounts. When used for soups and baking, milk ])owder is said to 
yield products superior to fluid milk, since it is uncomi)hcated by the water 
in the milk. The recently developed food-compression machinery may be 
usM for tableting milk solids, whole or defatted, to be consumed direct, as the 
veiy hard cheese in some parts of eastern iMirope is consumed. 

The organismic theory ((4i. 10) suggests that it would be better to consume 
whole milk than any of its parts, because it is probable that the \'aiious milk 
constituents supplement one another nutritionally. A given amount ot whole 
milk has a higher physiologic energy \’ahu' than the sum ol its (‘onstituents 
taken separately at ditVerent times. Tlu* iat in tlu' milk supplements^ the 
protein and the sugar in the milk. “It secans that nature^ has put lactose and 
milk fat together as an optinmm (‘ombination for the young animal''.'’ 
“Lactose has an as yet unknown effect on intestinal conditions which is co\m- 
teracted by butt^rfat but not by corn oil.” “hortified oleomargarine did 
not give growth e(|ual to l)utteriat when lactose was the sole carbohydrate 
in the diet. . . . Fortified oleomargarine gave growth ecpial to Inittertat 
over a period of G weeks when ... a mixture ot caibohydrate (Sucrose, staich, 

dextrine, lactose) was incorpoi’ated.” 

It would, then, seem best to consunu' the recommended or available (piait 

of milk per capita per day in the form of whole milk, fluid or evaporated, 
as a bread “spread” made by eva])orating milk to the consistency ol buttci, 
whole-milk cheese (including the whey solids'®), or best used in bread making 
as milk bread, and in soiijis'*''*, |)uddings, cakes, cookies, or in the foim of a 
beverage, even as reconstituted milk*'. 

This is not a nov(4 U\eix. Sco Krklcs, C’. II.. el «/., “Milk an<l its products.” 201 

Since the above was written. Merrill (). Maujclian (American Dry Milk Institute) 
kindly sent me an Kj-oz package of powdered whole milk e.pnvalent to the solids in 
2 qts fresh milk, which is beiiiK marketed “experimentally in some localities for about 
26 cents a package (eipiivalent to 18 cents a (luarl lluid milk). It is appaiently less 
expensive to dehydrate, package, and market dry milk from grocery shelves than o 
process and market fresh milk. Moreover, the powdered milk keeps for months. 1 he 
package had the following inscriptions; “S.* ozs net wgt , just add watei . makes - 
quarts of fine fluid milk. . . . For best re.sults use wi hin six y days <>nHnchase. Pho 
given analvsis: 27% butterfat, 26.Sr;. protein, 88.l%,milk sugar, o HS ash, 2.2.)/o 
moisture, 142 Cal per ounce (about 5 (al/gm). The recon.stituted milk has a slightly 

s'. '. 26 . <■» mm, .s>, .s, 

^**^n^VeivoHu (VoosiM-niit.iMS sanw of llif wlicy solids. Tho l■om|^osltlotl of ( his oliooso 

las renortcl in tlio./ni/c -l/a. Med. 120 , 24 (l>)12) ; nioisturo, 14. 'r,; ( alonos per 

fnl S:4%; protoin, IX,!';.; ..arbohy.lratoa lO.C, (H.r o laotoso); ash, 

5.3%: calcium. O.fiC’; ; pho.sphorus, 0.82' salt , 1.8', ; lactic a,.,, , 12 „. 


1 11 C*iV Ill COOIX’i - 

lion developed a dehydrated milk soup containing 10% milk solids, A cup of this 
soup supplies the daily needs of all the known vitamins and minerals. 

“Reconstituted milk,” Nut. Rev., 1 * 70 (1943). 
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While there can be no substitute for whole milk or for skim milk, claims are 
being advanced by the margarine industry that oleomargarine fortified with 
vitamins A and D to the butter leveP^, flavored with diacetyl or related butter 
flavor, and colored to the butter level with carotene may be acceptable to 
adult consumers w'ho cannot afford butter. The question of unsaturated 
fatty acids of the linoleic acid type does not, perhaps, enter the problem, 
since most vegetable fats are as rich in this type of fatty acid as butter; nor, 
perhaps, does the question of “digestibility” (in adults).^^ There are, however, 
short-chain fatty acids (Table 21/2) and other substances in butter not present 
in other fats, and butterfat stimulates growth in young rats^-*- ^ and calves^®. 
As previously noted, how'ever, the superior growdh on butterfat in milk over 
that on vegetable oil in skim milk may be due to the supplementary effect of 
milk sugar on butterfat^’. Milk fat seems to go best with milk sugar and 
vegetable fat with vegetable sugar. If butterfat goes best with the other 
milk solids, it is safe to predict that a new butter “substitute” will be de- 
veloped in due time by the enterprising American dairy manufacturers, 
namely, whole milk evaporated to the consistency of butter, properly flavored, 
and advertised for use as a “spread” in butter fashion. 

The butter-margarine problem is now receiving much attention basically because 
of the growth of the vegetable-oil industry and technological advances in margarine 
and vitamin A production. No one argues against butter. The following statement 
is generally accepted. “Our nation has grown up with butter on its bread. Butter 
was eaten for its taste long before there w'as any knowledge of nutrition. We like 
it on our hot cakes and in countless other ways for its flavor alone. Butter will always 
be in demand because of its flavor and palatability. These characteristics are not 
duplicated by any other fat” (Reed). But the margarine industry is pushing its prod- 
uct; and the broader national problem is how to avoid wasting the precious nutrients 
in skim milk and buttermilk produced in buttermaking. (O. E. Reed, Chief of the Fed- 
eral Bureau of Dairy Industry, phrased this problem, thus: “Our dairy industry is not 
operating on the most efficient basis for our national nutrition — we skim the cream 
from a lot of milk and we use only the cream or the fat.”) The outcome of this contro- 
versy between two industries is uncertain, but it would seem wise for the dairy industry 
to develop profitable whole-milk “spreads ” 2 ^ (by the simple device of evaporating whole 

22 The vitamin A content of butter is between 5000 and 20000 I.U., average 15000 
I.U. per pound [Dornbush, A, C., et aL, Jour, Am. Med. Assn., 114, 1748 (1940)). The 
vitamin D content of butter is 50 to 500 I.U. per pound [Wilkinson, H., Analyst, 64, 

17 (1939) ). At the rate of 17 lbs butter consumption per year, the vitamin A furnished 
by butter is 600 to 700 I.U./day. 

For a review of the butter versus oleomargarine problem in 1942, see Council on 
Food and Nutrition, Jour, Am. Med. Assn., 119, 1425 (1942); 118, 1469 (1942); 126, 168 
(1944). 

Hart, E. B., Elvehjem, C. A., et al., J. Biol. Chem., 122, 381 (1938); J. Dairy Sci., 

23, 181, 1201, 1205 (1940); 24, 1027 (1941). 

Deuel, H. J., Jr., Science, 98, 139 (1943), published evidence to the effect that the 
superior growth on milk fat is due to its superior flavor which caused the rats to con- 
sume more of the natural milk, and that flavoring the vegetable oil abolished the dif- 
ference in growth rate. The problem is evidently still in the controversial stage. See 
also Deuel, et al., J, Nut., 27, 107, 335, 339 (1944). The superior flavoring, diacetyl, re- 
ferred to by Deuel is, however, not that of natural milk fat as consumed by infants 
(rats or other species), but is bacteriologically developed by buttermakers. 

« Gullickson, T. W., et al., J. Dairy Sci., 22, 471 (1939); 26, 117 (1942). 

Grateful acknowledgments are made to all the author’s (Dairy Department) 
colleagues for stimulating discussions and for especially valuable suggestions by E. R. 
Garrison and W. H. E. Reid. Since the above was written, K. G. Weckel, University 
of Wisconsin, assigned to the Wisconsin Alumni Foundation formula for a “dairy 
spread” containing 56% moisture, 26% butterfat, 16% non-fat milk solids, 1% salt. 
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milk to the consistency of butter, perhaps adding “binder” and flavoring, and add 
further to tastefulness of the product by proper publicity) and whole-milk cheeses (in- 
cluding whey solids). 

The historical aspect of the nutritional importance of butterfnt is generally known. 
Vitamin A was first discovered in milk fat-^, and the first severe cases of clinical xeroph- 
thalmia were described in cluKlrcn fed defatted milk’’^: “The eye-sight of the children 
was sold abroad with the butter^®.” 

Milk fat is characterized^’ by a high content (7 per cent) of volatile fatty acids, 
mainly butyric and caproic, with small amounts of caprylic and capric, and related 
acids. This is indicated by Table 21 . 232 . 33 Vogctable fats and blood lipoids do not 
appear to contain fatty acids with less than 12 or 14 carbons. These short-chain fatty 
acids are apparently synthesized by the mammary gland, as there are none in blood. 

The composition of milk fat varies with season, perhaps due to seasonal differences 
in the feed and also to temperature^*. The summer (pasture) milk is richer in oleic 
acid, poorer in butyric and stearic, but the palmitic remains constant. Ihis may, 
perhaps, contribute to the differences in nutritive value of summer and winter milks. 

The phospholipids (about 0.05 per cent lecithin in average milk, 0.2 per cent in cream, 
0.016 per cent in skim milk, 0.13 per cent in buttermilk, 0.07 per cent cephalin in milk) 
are not definitely related to the amount of fat. Cow’s milk contains twice as much 
phospholipid and four times as much phosphorus as human milk. The cholesterol 
content of cow’s milk is about 0.02 per cent and of butter oil 0.3 per cent; 18 per cent 
of the milk cholesterol is associated with the lactalbumin rather than with the fat. 

The short fatty acid and other milk-fat peculiarities may or may not be of nutri- 
tional significance. There are no experimental data on this question. It seems un- 
reasonable, however, to suppose that the mammary glands of all mammals would evolve 
mechanisms for the synthesis of these short-chain fatty acids (sec table below) without 

serving some need. 


As previously noted, fluid (market) milk contains about 13 per cent solids; 
hence milk at 13 cents a quart is equivalent to one cent per one per cent solids 
per quart. Assuming that a cpiart of milk contains 4.5 ounces (127 gm) o 
solids, then at 13 cents a (luart, the milk solids come to 2.9 cents per ounce 

(28.3 gm) or 46 cents a pound (453.0 gm). 

The market price of butterfat is about 50 cents a pound, and it has been 

suggested^* that milk sugar (lactose) is worth no more than store sugar (su- 
crose), i.e., 5 cents a pound. This gives the milk protein and minerals a 
monetary value of one dollar a pound. ( Note: Meat protein is 81 .00 a pound 
when meat is 20 cents a pound ; cheese protein is 90 cents a pound when cheese 
is 30 cents a pound; egg protein is 75 cents a pound when egg is 30 cents a 
pound; bean protein is 13 cents a pound when beans are 10 cents a PO^nd; 
white-flour protein is 10 cents a pound when white flour is 6 cents a pound .) 

The above type of computation seems unfair because it omits the vitamins, 
trace elements, and unknown factors in milk, the optimal calcium-to-phos - 

'^ThTmak- 

from irradiated crcosterol, also cultured buttermilk ttavor and lactic acia. ine mas. 

ing of the spread involves the use of a vacuum pan, ^O^bornrT B 

» McCollum, K. V.. and Davis, M., J. Biol. Chem., 16, 167 (1913). Usborne, i. n., 

and Mendel, L. B,, P- ijll- , 

2* Bloch C E Am. J. Dis. Child., 27, 139 (1924). 

:: S oiS., .943, 

« 497 (.938)^ 139. 727 (1941). 

:: 8SS; S: k fiS’ S 3 “ a ® ) • Pre„.i.., E. P.,nde., 
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phoms ratio38, and the unique properties of milk sugar. Unlike sucrose 
lactose passes the ileo-cecal valve and forms in the intestine an exceptionally 
favorable medium for the growth of Bacillus acidophtlu^ and related acid 
producei-s, thereby inhibiting protein putrefaction. By thus maintaining an 
acid reaction m the intestine, lactose, moreover, favors maximum calcium 
and phosphonis utilization (at least in the rat). It is known that (in the rat) 
the t icket -producing properties of some diets are repressed by supplementing 
with lacto.se'». The greater anti-rachitic value of woman’s milk as compared 
to cow’s milk is attributed to the higher lactose content of the former 

Finally, lactose furni.shes an important building stone, galactose (1 galactose + 
1 glucose — » 1 lacto.se), for the neiwous S 3 "stem. 

As previously noted, milk also contains phospholipids®®— as lecithin 

cephalin, sphingomyelin, cerebrosides— which undoubtedly have nutritional 
significance. 


1 he unique value of milk in the national health program (Sect. 20.2) consists particu- 
larly in its supplementary value to the prevailing refincd-cercal-potato-sweets diet 
especially to those in the low-income group who cannot afford to buy meat eggs green 
vegetables, ami fruit (Fig. 21.2). The daily consumption of a quart of milk may ren- 
dor almost adequate an otlierwise inadequate diet. 

A century ago, the per capita consumption of pure sugar was 8 pounds a year: now 
It IS over 100 (112 in 1941)^o. About 20 per cent of the total calories of the average con- 
sumer IS furnished by sugar", and 30 per cent of the calories is furnished by white flour. 
The milling process has been so perfected that modern white flour is almost completely 
devoid of its mineral and vitamin “iniinirities.” (The milling process removes \ of the 
iron, , of the calcium, i of the copper, -Jtof the thiamine, \ of the riboflavin, J of the 
vitamin B complex and nearly all the manganese and magnesium.) The net result is a 
marginal diet in which 50 per cent of the Calories are derived from sugar and white flour, 
nearly devoid of minerals and vitamins, with corresponding marginal health" Nerv- 
ous manifestations associated with beri-beri and pellagra are said to be endemic in the 
United States", as are " “. . . among other signs and symptoms, moodiness, sluggish- 
ness, indifference, fear, and fatigue.” The Stiebeling reports" “. . . reveal a large pro- 

Ipv V^7 io 4( ’ - 505 (1921). Sherman, H. C., and Haw- 

(1921) (1922). Sherman and I appenheimer, A. M., J. Exp. Med., 34, 189 

Rettpr, L. I ct al “A treatise on the transformation of the intestinal flora with 

omful Yale Press. 1921 . Lactobacillus acidophilus 

and its therapeutic applications/' ^ale Press, 1935 

Bergeim. O J. Biol Chem 70. 35 (1926). Kline, O. L., Keenan. J. A.. Elve- 

(1940) ^ ^ Hart, L. B., Id., 98, 121 (1932). Outhouse, J., et al., J. Nut., 20, 467 

39 Kurtz, F. E., and Holm, G. E., “Lipids of milk.” J, Biol. Chem., 106, 717 (1934) 
and J. Dainj Ui , 22, 1011 (1939). Heinneman, B., “Relation of phospholipids to fat 

(1939). Crane, J. C., and Horrall, B. E., 
Phospholipids in dairy products,” Id., 25, 651 (1942). 

Roberts, L. J., Milbank Memorial Fund Quarterly 17, 230 (1939) 

‘j'-o^ers gavc in their Oct. 22, 1943, publication (“Formula 

*nteresting example of “double talk” connect- 
ing (psychologically) the rise of Hitlerism, the decline of France, etc., with the opinion 
that Americans are consuming too much sugar. “The (nutritionists) weed is planted. 

It IS of the spreading variety . . Eventually there are literally millions saying parrot- 
hke “they say that you don’t need any sugar. . . ” J » i' 

« 1198 (1940). 

^lebeling. Hazel K,, and Phipard, Esther F., “Diets of wage earners,” U. S. Dept. 

gr. Circ. W, 1939, also J. A 19, 21 (supplement) (1940). See also: Stiebeling and 

nutrition,” U. S. D. A. Circ.296, 1933. Stiebeling, 
Food budgets, V.S D. A. Misc. Pub. 183, 1933; Carpenter, R. C., and Stiebeling, 

Diet to fit income, U. S. D. A. Farmer’s Bull. 1757, 1936. Orr, J. B., “Food, health, 
and income/' Macmillan, 1936. » » » • 
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portion of poor diets in peaceful America with its bursting granaries. . , . The diets 
were poor in vitamins A, D, and Bi and in calcium. . . . When white flour and sugar 
provide 50 per cent of the calories . . . selection of a diet that can be called good ... is 
almost impossible except for an expert.” 

The dietary complications which worry physicians^^, food economists'^, and nutri- 
tionists*^ may be solved, as suggested by Sherman*^, McCollum*®, Rose■*^ and others*®, 
by including in the diet a quart of whole milk a day. This milk corrects the faults of 


CD 






Fig. 21 2, Milk, meat, and egg consumption as related to income level. Modified 
from “The Dairy Situation”, Bureau of Agricultural Economics, U. S. Dept. Agricul- 
ture, November, 1942. 


the “perversely” used impoverished foods. Moreover, milk can be made a currier of 
the easily manufactured vitamins*®, as B|, in the same manner as it is now often en- 
riched with vitamin D. 


** **Symposium on the fortification of foods with vitamins and minerals, Milbank 
' Memorial Fund Quarterly, 17, j((3, 1939. Contributors: Agnes Fay Morgan, Lydia J. 

Roberts, W. II. Sebrell, E. M. Nelson, Alonzo E. Taylor 

Sherman H C., “Chemistry of food and nutrition,” New \ork, 1938. Sherman, 
H C and Lanford, Caroline Sherman, “Essentials of nutrition,” Macmillan, 1940. 
« McCollum, E. V., Orent-Keiles, E., and Day, II. G., “The newer knowledge of 

nutrition,” New York. 1939. 

*7 Rose, Mary S., “The foundation of nutrition. New York, 1938. 

*» Brody, S., “Nutrition,” Ann. Rev. Bioc., 4, 392 (1935). 

*®Borsook, H., “Vitamins,” Viking Press, 1940 
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To be sure, milk is not suitable as an exclusive diet after the normal weaning age. 

The amounts of iron, copper, and manganese salts are inadequate in milk when fed 
to adult rats as an exclusive diet. (The young are born w'ith iron and copper reserves 
in the liver to meet their needs during tlie suckling period.) But when the milk is sup- 
plemented by these salts, rats^° and dogs^*- may be maintained almost indefinitely 
(for four generations at least) on the exclusive (mineralized) milk diet. They also 
reproduced, although at a lower rate^®- on this diet. Calves^^ ^xe^e also grown on 
this mineralized milk diet for at least two years, but in addition to iron, copper, and 
manganese, magnesium had to be added to the milk^^. Milk is also inadequate in vita- 
min C when fed to species dependent on dietary ascorbic acid. 

Fortunately, whole cereal (such as whole-wheat bread) supplements the milk defi- 
ciencies in a practically perfect manner (except for ascorbic acid). This was demon- 
strated by Sherman (Sect. 18.2.4), who maintained many generations of rats on an ex- 
clusive whole milk-whole wheat (and salt) diet. Sherman had two diets differing in 
the milk-to-wheat ratios: (1) J dry whole milk and § whole wheat; (2) J dry milk and 
I wheat. In comparison to a good stock diet, the rats on diet (1) performed salisfac- 
iorily in growth, health, reproduction, and longevity; on diets (2) they performed ex~ 
cellenily in growth, health, and longevity. The most striking observation is that the 
rats on diet (2) matured earlier, lived longer and retained their vigor to a more ad- 
vanced age. This result leads to the tentative conclusion that a whole milk-wholc 
cereal diet (supplemented in the case of man with raw cabbage or raw or canned tomato 
or citrus for vitamin C) in which milk furnishes about J to J of the Calories (as when a 
daily quart of milk is consumed) is nutritionally complete. Taylor^^ suggested the com- 
bination of milk and bread into a milk-bread, which is less expensive than milk and 
bread. It seems agreed that most people are alike in needing milk; unfortunately, 
they are not alike in their ability to get it, and the basic problem is how to bring it 
within their means (Fig. 21.2). 

21.3: Composition of milk. This section is not concerned with the details 
of the chemical composition of milk on which there are extensive reviews®®, 
but with some of its general features. 

Bunge®® suggested that the chemical composition of milk in different spe- 
cies is correlated \nth. the chemical composition of the new-born animal. 
This correlation, if any, does not appear to be striking. More striking is the 
parallelism between milk composition and maturing speed of the new-born 

Richardson, L. R., and Hogan, A. G,, J. Nut., 19, 13 (1940). 

“ Elvehjem, C. A., et al., J. Nut., 20, 433 (1940). 

“For extensive reviews see Herman, H. A., Univ. Mo. Agr, Exp.^Sta., Res. Bull. 
245, 1936. Savage, E. S., and McCay, C. M., J, Dairy Sci., 25, 595 (1942). Krauss, 
W. E., Ohio Agr. Exp. Sta. Bull. 477, 1931. 

“ Duncan, C. W., Huffman, C. F., and Robinson, C. S., J. Biol. Chem., 108, 35 (1935). 
Wise, G. H., Guliic^on, T. W., and Petersen, W. E., J. Dairy Sci., 22, 573 (1939), and 
23, 997 (1940). 

“ Taylor, Alonzo, Jour. Am. Med. Assn., 81, 892 (1923). 

“ Rogers, L. A., Associates of, “Fundamentals of dairy science,” Reinhold, 1935. 
Davies, W. L., “The chemistry of milk,” New York, 1939. Shohl, A. T., “Mineral 
metabolism,” New' York, Reinhold, 1939. “Food and Life,” the 1939 Yearbook of Agri- 
culture, U. S. D. A., Washington, 1939. Reviews by C. A. Cary, c/ aL, p. 649, and I. 

P. Earle, p. 501. Biennial Review's of the Progress of Dairy Science in the J. Dairy 
Reserach, U. S. D. A.: Farmers Bull. 1359, 1923. Geiling, E. M. K., et aL, J. Biol. 
Chem., 134, 71 (1940) (dolphin). Himw'ich, H. E., et aL, Proc. Soc. Ezp. Biol, and Med., 

48, 133 (1941) (monkey). See also dairy textbooks, particularly Petersen, W. E., “Dairy 
science,” Lippincott, 1939, and Eckles, C. H., “Milk and its products,” McGraw'-Hill, 
1929. Other references are cited in the te.xt. 

“Bunge, G., Z. Biol., 10, 326 (1874). Bunge, G., “Physiological and pathological 
chemistry,” Philadelphia, 1902. 
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mammal, as exemplified by Table 21.3 mostly from Abderhalden®', who 
called attention to this relation. (This table is modified and extended on the 
basis of the newer literature^*.) 

The relation between milk composition and maturing rate is complicated 
by many factoi-s, evolutionary and physiologic. The milk of the ass, horse, 
and man is abundant in water (90 per cent) and sugar, but poor in protein 
and fat. The milk of the reindeer and marine mammals is very concentrated. 
The situation is too complex for a simple generalization, although, no doubt, 
speed of growth, composition and physiologic age (Ch. 19) of the young at 
birth are important factors in determining the evolutionary trend of milk 
composition. The method of obtaining the milk influences the apparent com- 

position. 

It is remarkable that the composition differences are no greater than they 
are. All milks contain the same constituents, although the proteftis differ 
immunologically**. Thus persons allergic to cow’s milk can take goat’s milk 

wthout any ill effects. -n f j-a 

In spite of the quantitative differences in composition of the milk of differ- 
ent species, man and most farm and laboratory animals thrive on cow’s milk. 
While goats (kids) make exactly the same growth per Calorie on cow’s as on 
goat’s milk*®, calves are said*® to react unfavorably to goat’s milk; and while 
horses (foals) are said to react unfa^-orably to undiluted cow’s milk, they 
thrive on undiluted goat’s milk, although goat’s and cow’s milk have the 
same quantitative composition. The differences may be associated with dif- 
ferences in permeability of the digestive tract lining to some of the protems 
of goat’s and cow’s milk, uith consequent allergic reactions**. 

But even in the same species there is considerable difference m the quanti- 
tative composition of milk, indicated by the following cattle-breed-difference 
data, on small groups of animals, from Overman et al.^- 

Breed Differences in Composition of Milk (small groups of animals). 


Cattle, breed 


Ayrshire 
Brown Swiss 
Guernsey 
Holstein 
Jersey 

Guernsey-Iiolstein 

Average 


Means of percentages of components 


Fat 

Protein 

4.1 

3.6 

4.0 

3.6 

5.2 

4.0 

3.5 

3.4 

5.2 

3.9 

4.4 

3.8 

4.4 

3.7 


Lactose 

4.7 
5.0 
4.9 

4.8 

4.9 
4.9 
4.9 


Ash 


0.68 

0.73 

0.74 

0.68 

0.70 

0.72 

0.71 


Solids 

13.1 

13.4 
14.9 

12.5 

14.7 

13.8 
13.7 


Water 


86.9 

86.6 

85.1 
87.5 

85.3 

86.2 

86.3 


SoHds- 

Dot-fat 

9.0 

9.4 
9.7 
9.0 

9.5 
9.4 
9.3 


Specific 

Gravity 


1.0317 

1.0318 
1.0336 
1 . 0324 
1.0332 
1.0330 
1,0326 


H, GWoon »nd O.born., T B J. /»/• Di... 29. 200 (1021). NoLon. J. B., 
Univ. Mo. Agr. Ex|>. Su. 11,». BolE «»; 


cSbk'j-. S': ’ii'; K- « S. D. A. Tech, Boll. 071, 1039. 

:: E® Od S.„,n.»„, r. P., uolv. 111. 

Agr. Exp. Sta. Bull. 457, 1939. 


69 

60 

61 
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JllT differences in composition wthin the breed as'indi 

cated by the followmg table (Overman, et al.). 


Breed 


Ayrshire 

Brown Swiss 

Guernsey 

Holstein 

Jersey 

Crosses 

All samples 


Maximum and minimum percentages of milk constituents 


Fat 

Protein 

Lactose 

Ash 

2.9-5. 7 

2. 9-4.6 

2. 4-6.1 

.58-. 85 

2. 9-6. 5 

2. 6-5.7 

3. 7-6. 7 

.64-. 99 

3 . 7“/ . 7 

2. 7-5.5 

3. 6-5. 8 

.60-. 85 

2. 6-6.0 

2.4-6. 5 

4. 0-5. 7 

.56-. 86 

3. 3-8. 4 

2. 9-5.8 

2. 7-5. 7 

.57-. 82 

2. 7-7. 5 

2. 7-6. 3 

3. 0-6.0 

. 5^- . 94 

2 . 6-8 . 4 

2.4-6. 5 

2. 4-6. 7 

.56-. 99 


Solids 

Water 

10.6-15.8 

89.4-84.2 

11.4-17.3 

88.6-82.7 

12.1-17.9 

87.9-82.1 

10.7-17.6 

89.3-82.4 

11.0-11.7 

89.0-88.3 

10.6-17.9 

89 . 4^82 . 1 

10.6-17.9 

89.4-82.1 


Solids- 

Dot'fat 


7.2- 10.4 
8.0-11.4 

8 . 2 - 11.1 

7.8- 11.9 
7.7-11.1 

7.9- 11.7 
7.2-11.9 


FCM = 0.4.1/ + 15F 

M is weight of milk and F is weight of fat, all in the same units, and FCM is milk cor- 
rected to 4 per cent fat (see Table 22.3 for details). 

The Gaines forinula is based on the following combustion values per cram of milk 

constituent: 9.253 Cal for fat, 5.853 for protein, 3.693 for lactose; one kilogram of 4 

p^er cent mi k contains 7o0 Cal and 37 gm protein on the basis of 50 mg proteil per Cal 

The ratio of protein to energy is nearly constant, 43 to 49 mg protein per Cal regard- 
less of the fat percentage in milk. * < per regard 

The combustion energy of 4 per cent goat’s milker is virtually the same as of 4 per cent 
cow s milk : 342 Cal per lb for goat ’s milk, and 343 Cal for cow’s milk. The combustion 
value of 3 samples of woman’s milk was reported to be« 660, 680, and 770 Cal per liter 

total Torir to represent milk composition in terms of percentages of the 

total solids, or the nitrogen in terms of total nitrogen, as follows". 


Low-protein ration 
(N.R.1:13) 
High-protein ration 
(N.R.1:2) 


Percentages in terms of the milk solids 

Percentages in terms of loUl N 

Fat 

Protein 

Lactose 

Ash 

Casein N 

Albumin 

N 

Non- 
protein N 

28.6 

24.8 

40.5 

5.5 

77.5 

18.2 

4.2 

28.2 

26.1 

41.2 

5.8 

71.1 

20.5 

8.4 


Species Differences in the Distribution of Nitrogen in Milk“ 


Species 


Nitrogen in milk as percentage of total N 


Saanen & Toggenburg 
goats 

Holstein cows 
Jersey cows 
Human (one sample) 


Casein N 

Globulin 

N 

Albumin 

N 

Total 
Protein N 

Non- 

protein 

71 

8.2 

13.2 

92 

8.1 

76 

8.5 

9.6 

94 

6.2 

81 

5.5 

9.3 

96 

4.5 

41 

15.0 

27 

84 

16 


Ratio of 
Albumin + 
Globulin 
N to 
Casein N 



Gms. N 
in 100 cc 
Skim Milk 


0.52 

0.50 

0.64 

0.18 


« Gaines W. L., Ill Agr. Exp. Sta. Bull. 308, 1928. Overman, O. 
W. L., J, Agr, Res., 46, 1109 (1933). 

« ^eterson, V. E., and Turner, C. W., J. Nul., 17, 293 (1939). 

« Shukers, C. F., et al., J. Nut., 6, 127 (1932). 

Perkins, A. E., Ohio Agr. Exp. Sta. Bull. 515, 1932 


R., and Gaines, 
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Incidentally, Perkins* table®® shows that the dietary protein level may influence 
the percentage distribution of protein and especially non-protein nitrogen in the milk. 

The table of Gamble, Ellis, and Gross®® shows thAt in terms of percentage of total 
nitrogen, goats and cows have nearly the same composition, but human milk contains 
about half the casein, and double the albumin, globulin, and non-protein nitrogen as 
cow*8 or goat’s milk. This be associated with the younger physiologic age of 
human infants than those of cows or goats, since the non-casein nitrogen of milk is 
more closely related to blood nitrogen than is the casein nitrogen; and judging by the 
composition of colostrum, the younger the physiologic age of the newborn, tlm richer 
the milk in noncasein nitrogen. 

The data of Gamble, Ellis, and Besley apparently show closer agreement in cpianti- 
tative composition between goat’s and Holstein-cow’s milk than between Holstein and 
Jersey cow’s milk, in spite of differences in mature weight, rate of physiologic matura- 
tion and growth, and different evolutionary history. This is also shown in the follow- 
ing summary of the species differences in the composition of milk. 



Fat 

(%) 

Protein 

{%) 

Lactose 

CA) 

. Goat 

3.5 

3.1 

4.6 

Holstein cow 

3.4 

3.2 

1 

4.6 

Jersey cow 

5.3 

3.8 

4.7 

Human®^ 

3.5 

1.3 

7.5 

Rat®* 

15 

12 

2.8 

Dog®* 

8.3 

7.5 

3.7 


Ash 

C'r) 

Water 

j {%) 

1 

Ca 

(mg %) 

P 

(mg %) 

Fc 

(mg %) 

Cu 

(mg %) 

0.79 

88.3 

114 

98 

0.072 

0.053 

0.70 

88.2 

106 

88 

0.072 

0.057 

1 

0.73 

85.7 

117 

101 

0.088 

0.058 

0.2 

88 

34 

15 

0.2 

0.05 

1.5 

69 

349 

270 

0.7 

0.7 

1.2 

77 

289 

240 




The rate of growth of suckling rats and human infants was almost identical per Cal- 
orie intake of goat’s and Holstein’s milk. 

It is interesting to note that in spite of the enormous differences in the percentages 
of calcium and phosphorus in the milk of cow, rat, and dog, the Ca;P ratio is 1.2, the 
same in all. In human milk, the ratio is 2.3. These unusually high Ga:P ratios, rarely 
found in other foods, are very favorable for calcium assimilation. Milk is thus the best 
nutritional source of calcium, not only because of its richness in calcium, but also be- 
cause of the favorable Ca:P ratio. 


Summarizing, the qualitative composition of different milks is chemically 
(not always immunologically) the same, but different in the proportions 
between the constituents. While the composition tends to vary with the rate 
of maturing of the newborn animal, other factoi-s confu.se this relation. 

21.4: Physico-chemical aspects of lactation. (See Sect. 7.2 for hoimonal 
aspects.) The concentration of some substances, such as urea’®, is the same 
in milk and blood; the concentration of most constituents in milk differs 
from that in blood. Thu.s’*, in comparison to blood, cow’s milk contains 40 
times as much sugar’® on a molar basis, and 80 to 90 times on a gravimetric 
basis’®; 20 times as much fat, 14 times a.s much calcium, 7 times as much 


Macy, I. (i., el al., Ain. J . Dis. Child., 43, 1062 (1032). 

Cox, W. M., .Jr., ami Mueller, .\. .1., J. 13, 249 (1937). 
Anderson, H. I)., el al., Am. J . Physiol., 129, 631 (1940). 
Peskett, (1. K., liioc. J ., 28, 16.57 (19.34). 

Simms, H. S., Proe. Internal. Dairy Congr., 1931. 

Petersen, W. K., J . Dairy Sci., 26, 71 (1942). 

” Comparison of the blood and milk sugars of several speeies. 


Blood sugar (%) 
Milk 8ugar4(%) 


Cow Goat Sheep Rabbit Maro Sow Dog 

0 05 0.06 0.00 0.12 0.11 0.13 0.08 

4 a 4.6 4.6 2.0 7.0 4.0 3.7 


Rat Woman 
0.12 0.11 

3.0 7.0 
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potassium and phosphate, 4 times as much magnesium, \ as much protein, 
I as much chlorides, and f as much sodium. Some typical milk constituents, 
such as casein, lactose, and the short-chain fatty acids, are absent in blood. 

21.4.1: Osmotic pressure and milk synthesis. In spite of the greater 
gravimetric concentration of most constituents in milk, the osmotic pressure 
is the same, about 6.6 atmospheres, in milk and blood, indicating the same 
total osmoticall}'’ active molar concentration. How is this sameness of osmotic 
pressure in milk and blood maintained in the face of the differences in gravi- 
metric composition? Perhaps by the enz 3 Tnatic change of osmotically active, 
smaller-molecule transudates derived from blood into osmotically less active, 
larger-molecule milk constituents. Thus one molecule of milk sugar is derived 
from two molecules of blood sugar, or from one glucose and two lactic acid 
molecules, thereb}' reducing the osmotic pressure in the blood transudate by 
^ or |. Similarl}’', the amino acids, phosphates, calcium ions, etc., are com- 
bined in the secretor^^ cells into larger aggregates — into casein, lactalbumin, 
and calcium caseinate — resulting in an overall lower osmotic pressure. The 
osmotic pressure reduction in the transudate in the secretory cells below that 
of the blood drives the diffusible substances from the blood into the secretory 
cells as part of the tendenc}' to equalize the h^’drostatic or diffusion pressure. 

Disturbance of the mammaiy apparatus, exemplified by mastitis, due to 
engorgement of the secreting alveoli with fluid as result of cessation of cus- 
tomary milking, affects the selective action of the gland, ^\^th a resulting 
tendency to equalization of milk and blood-senim constituents; this is indi- 
cated, for example, b}’' increase in the pH, chloride, catalase, and globulin of 
milk and decrease in its casein and lactose. Indeed, milk from disturbed 
glands is detected by its high pH, chloride, and catalase. 

The rate of secretion and (to a lesser extent) the composition of milk depend 
on the pressure \\ithin the secretory alveoli. The higher the intra-alveolar 
pressure, the less the rate of milk secretion and the greater the tendency of 
the composition of milk to approach that of blood seivim. This statement 
may be illustrated by several dramatically important applications: 

(1) AMien the blood calcium (and sometimes blood sugar) declines below a 
critical level as result of too rapid lactation (in compaiison to the aniraars 
ability to mobilize calcium), the animal develops the t 3 'pical hypocalcemic 
and/or hypoglycemic syndrome milk fever. Death follows if this is untreated. 
But if the udder is pumped full of air, both lactation and the drain of blood 
calcium into the milk are stopped; indeed, some of the calcium in the milk 
may be turned back to the blood, with the result that the blood calcium 
(and/or sugar) attains a nonnal level. Thus, instead of d 3 'ing, the cow may 
become nonnal in a few minutes — an apparent miracle has been performed. 

(2) Lactation may be stopped at any time b 3 '- merely ceasing to milk. 
The increase in intra-alveolar pressure as a result of failure to remove the 
milk effectively blocks the lactation process. The applications of this fact 
are evident: the more frequent and the more complete the milkings, the lower 
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the average intra-alveolar pressure ami the greater the rate of milk secretion; 
or what is the same, the longer the intcr\'al between milkings, the less the 
milk production per unit time. This is illustrated by the declining curve in 
Fig. 21.3, prepared from data secured in 1920 or 192T\ 



Houps Aftep Last Milking 



Hours after Last Milking 

Fig. 21.3. The influence of milking frequency on the rate of milk production. 


(3) Unsatisfactory performance, especially 
otherwise good dairy cows is explained by 


rapid' “drying up,” in some 
the failure of the cow to “let 


Univ. Mo. Agr. Exp. Sta. Res. Bull. 96, 1926, pp. 82. For the more recent litera- 

» Pe^eraen™* "Turner, C. W., Hoards Dairyman, 88. 685 (1943). Hammond, J., 
J. Vet. Rec., 16 , 519 (1936). 
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down” her milk, with resulting continuous high pressure in the alveoli. The 
“let-do\Mi” mechanism is apparently neuro-endocrine in nature. The stimu- 
lation (by milking) of the neiwe endings in the teat and udder is carried to 
the central nervous system, which in turn stimulates the posterior pituitary 
to eject the oxytocic hormone into the blood; the oxytocic hoimone stimulates 
the muscles around the alveoli to contract and thus eject the milk. On the 
other hand, when the cow is excited, adrenaline production (by the adrenal 
medulla) is accelerated, thus relaxing the smooth muscles, that is, preventing 
the muscles around the alveoli from contracting for milk ejection^^’^^. 

The involvement of the nervous system is demonstrated by the eventual 
loss of ability to “let down” the milk following sympathectomy^^ and by 
similar failure when the animal is frightened or annoA^ed^®. Good dairymen, 
of course, know that it is important to handle cows gently, quietly, and 
pleasantly (see Sect. 10.8 for a discussion on a broader plane). 

The speed of synthesis and diffusion of the various milk constituents is 
dependent, among other factoi*s, on (1) concentration of milk precursors in 
the blood, which depends on food supply; (2) concentration of synthetic 
enzymes in the secretory cells, dependent on the genetic constitution of the 
animal (although the immediate control of the enzyme concentration may 
reside in the pituitary or other endocrines, which are directly or indirectly 
related to the genetic constitution of the animal); (3) intra-alveolar pressure 
and the factors controlling it. 

The concentrations of water, solids, and each of the solid constituents in 
milk depends on the relative concentrations of each of the various enzymes in 
the secretory cells. Thus if the concentration of the lactose-synthesizing 
enz}Tnes is high, relatively more lactose will be produced. Since per unit 
weight lactose is osmotically more active than fat or protein, the milk will 
contain more water in order to maintain the osmotic pressure constant. This 
is probabl}^ the reason why the higher lactose concentration in the milk of 
the horse, ass, and man is avSsociated with higher water content (more dilute^®). 

21.4.2: Colostrum. Colostrum, the mammary secretion in the early stages of lac- 
tation, is in some respects intermediate between blood serum and normal milk, es- 
pecially in being rich in globulin and albumin, poor in potassium and high in sodium, 
poor in lactose and high in chlorine, as illustrated by Table 21.4, computed by us from 
Garrett and Overman*®. The following data on the composition of colostrum during 
the first four days after calving (Fig. 21.4a) may also be of interest®®. 

Ely, F., and Petersen, W. E., J. Dairy jSci., 24, 211 and 225 (1941). Swanson, E. 
W., and Turner, C. W., /d., p. 635. Turner^®. 

*’ Cannon, W. B., and Bright, E. M., Am. J. Physiol. ^ 97, 319 (1931). Bacq, Z. M., 
Id.f 99 , 444 (1932). Selye, H., Collip, J. B., and Thompson, D. L., Endocrinology. 18 , 
237 (1934), and Am. J. Physiol., 107, 535 (1934). Simeone, F. A., and Ross, J. F., Id., 
122, 659 (1938). 

Blackwood, J. H., and Stirling, J. D., Bioc. J ., 26, 1127 (1932). Grateful acknowl- 
edgements are made to W. R. Graham, Jr., for valuable suggestions. 

Garrett, O. F., and Overman, O. R., J . Dairy Sci., 23, 13, (1940). 

Ragsdale, A. C. and Brody, S., “The colostrum problem and its solution.*' ./. 
Dairy Sci., 6, 137 (1923). Nelson, John B., “Antibody transmission by colostrum." 
Univ. Mo. Agr. Exp. Sta. Res. Bull. 68, 1924. Brody, S., and Ragsdale, A. C., “Time 
changes in milk secretion," Id., Res. Bull. 96, 1926, p. 73. 
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Milking after 
calving 

1 

2 

3 

4 

5 

6 

7 

8 


Milk 

Solid 

Globulin 

Casein 

Sugar 

Fat 

Ash 

(lbs) 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

10 

24 

3.3 

4.4 

2.1 

5.3 

1.16 

9 

18 

1.6 

3.4 

3.1 

4.6 

0.95 

12 

14.5 

0.90 

3.1 

3.3 

4.4 

0.89 

13 

14.4 

0.50 

2.6 

3.5 

4.5 

0.85 

16 

14.4 

0.38 

2.6 

3.5 

4.8 

0.82 

13 

14.2 

0.33 

2.6 

3.7 

4.6 

0.83 

18 

14.2 

0.30 

2.8 

3.9 

4.5 

0.81 

17 

14.2 

0.22 

2.3 


4.7 

0.80 



Milfaings after Calving 


Fig. 21.4a. 

Change in composition 
colostrum to milk. 


from 


In addition to the unusually high level of protein (especially globulin), 
colostrum is also very rich in vitamin A, perhaps 100-fold that in normal milk, 
and in other substances, such as immune bodies required by the young until 
it develops its own immunity^, and in lysozome* . There are also consider- 
able post-colostml changes in the composition of milk, as indicated in Fig. 21.4. 

21.4.3: Synthetic powers of the mammary gland. Since, as above ex- 
plained, milk contains casein, lactose, and short-chain fatty acids not found 
in blood, and since the general level and proportions of the several constituents 
in milk are different from those in blood serum, it follows that the mammary 
gland has synthetic and selective powers. Mammary tissue slices also exhibit 
synthetic powers in vitro. This was demonstrated especially for the synthe- 

Thompson, 11.. “Lysozome,” Arch. Path., 30. 1096 (1940); Meyer. Carl, Science. 
99, 391 (1944); Lawrence, U. L., Id.j p. 392. 
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Fig. 21.4b. Change.s in milk yield and in heat-coagulable protein with calving. 



Oil N. AUcali added 

Fig. 21.4c. Comparison of buffer value, or acidity, of milk, colostrum, and bloid. 
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sis of lactose from glucose®" in vitro. It has long been known ^ that there is 
an arterio-venous difference in the constituents going to make up milk, indi- 
cating that the mammaiy gland takes up the constituents from the blood 
to make milk. However, the intermediate metabolism, the stages through 
which the blood constituents* pass on their way to milk, is still a virgin field 
of investigation. 



Mos 0 


Period of Lactation 


Fig. 21 .4d. Change in composi- 
tion of fat with the advance of the 
period of lactation. The first nu- 
meral on each line represents the 
corresponding absolute number, 
e. g., 4.0% fat. 


/ 


Even the technique of drawing blood for evaluating the uptake of blood constituents 
for milk production has not yet been worked out satisfactorily. Kaufmann and Magne“ 
assumed that the dilTerence in composition between jugular blood and mammary-yein 
blood represents the uptake by the mammary gland. Blackwood & Stirling*' criticized 
this method especially because it overlooks the differences in blood composition result- 
ing from differences in the rate of salivary secretion. Blackwood and Stirling*' ob- 


A. P.. Am. J. PhmoL, 109, 108 (1934), and / Gen. Physiol., 19. 829 
, G. A., Bioc. J., 29, 1905 (1935). Petersen, W. E., and Shaw, J. C., 


Weinbach 

S . Grant, 

86> 398 (1937). tt u a i q : iaq 77(i 

" Kaufmann, M., and Magne, H., C. KAcad. Sci., 28 lt4fi 

Blackwood, J. H., and Stirling, J. D., Bioc. J., 26, 357 and 362 (1932), 28, 1346 

(1934). 
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tained blood simultaneously from the radial artery and mammary vein. Lintzel** 
obtained arterial blood from the heart (left ventricle), Graham from the internal iliac 
artery through the rectal wall*®, and also by exteriorizing the carotid artery*^; Maynard** 
obtained blood from the internal pudic artery through the vaginal wall; Petersen®* 



Stage of Lactation 

Fig. 21 .4e. Changes in the composition of milk with the advance of the period of 
lactation. 

analyzed uptake from the blood by perfusion experiments. There are objections to 
every one of these methods. Excitement of the animal disturbs the normal composi- 

** Lintzel, W., Z. Zucht., 29B, 219 (1934). 

Graham, W. R., Jr., Jones, T. S. G., Kay, H. D., and McIntosh, R. A,, Proc, Roy. 
Soc., 120B. 319, 330 (1936). 

*7 Graham, Turner, C. W., and Gomez, E. T., Univ. Mo. Agr. Exp. Sta. Res. Bull. 
260, 1937. 

** Maynard, L. A., et al., N. Y. Agr. E.xp. Sta. Mem. 211, 1938. 

** Petersen, W. E., et aZ., J. Dairy Sci.j 24, 139 (1941). 
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tion of the blood, especially the blood-sugar level. Anesthetizing the nnimaP*^ may 
overcome this difficulty but introduces others. 

To be useful for quantitative interpretation, measurements of arterio-venous dif- 
ference in blood composition must be accompanied by measurements of the rate of 
blood flow through the mammary gland. Graham®* employed the therniostromuhr 
method®® for this purpose. 

The earlier data of Graham®’ ei al. and also of Shaw and Petersen®* (computed on the 
basis of calcium intake) indicate that about 400 volumes of blood pass through the 
udder in producing one volume of milk. This means that 20,000 pounds of blood pass 
through the udder in producing 50 pounds of milk. Graham’s thermostromuhr method, 
however, gave much lower values®’. 


21.4.4: Milk-sugar production. Graham reported that milk sugar is de- 
rived not only from glucose but also from lactic acid^^ and from blood pro- 
tein Some lactose may also be produced from glycoproteins^^ 

These results are important because they demonstrate that: (1) blood 
sugar is not the only source of milk sugar; (2) lactic acid, an important rumen- 
fermentation product, may participate in and accelerate lactose formation — 
and, therefore, milk secretion — in ruminants; (3) high dietary protein may 


stimulate milk secretion; (4) the mammary gland resembles the heart, liver, 
and other organs in normally utilizing lactic acid for functional activity. 
It is believed that blood-sugar level is at least one of the major limiting factors 
in milk secretion ; the production of lactose by the mammary gland is believed 
to control milk volume: 18 lbs of water goes with 1 lb of lactose. Anything 
which reduces blood sugar (as phlorizin) reduces mostly the milk secretion 
rate^^ rather than concentration of sugar in milk, although there may also 
be a reduction in the lactose level of the milk^^' . Alimentary hyper- 
gl 3 ^cemia is, however, without effect; the excess sugar is simpl}'^ excreted. 

21.4.6: Milk-protein production. It is known that there is less nitrogen 
in mammary -venous than in arterial bIood^*^\ It is not known, however, 


®® Reineke, E. P., et aL, Am. J. Physiol., 132, 535 (1941). 

®* Graham, J. Biol. Chem., 122, 1 (1937). 

®® Herrick, J. F., and Baldes, E. J., Physics, 1, 407 (1931). 

Graham, c/ ai., Proc. *Soc., 120B, 330 (1936). nnoo\ 

®* Shaw, J. G., and Petersen, W. E., Am. J . Physiol., 123, 183 (1938). . 
’’Computation example: if the arteriovenous difference for calcium is 0.31 mg /o 
and the milk calcium is 120 mg %, the ratio of volume blood flow through the rnammary 
gland to the amount of milk secreted is 120/0.31 = 387. lor fat: if the arteriovenous 
difference, 11.6 mg. % is divided by milk fat content, 400 mg %, yields a ratio of 
344. For lactose: the ratio of milk sugar to blood sugar + lactic acid = 4860/12 4 - 
391 volumes of blood to 1 of milk produced. Graham’s stromuhr method yielded the 

ratio 140 to 223 in milking goats and 400 in an almost dry goat 

®® Graham, W. R., Jr., J. Biol. Chem., 122, 1 (1937). bee also bliaw, J. C., et al., 

Proc. Soc. Exp. Biol, arul Med., 38 , 579 (1938). na'^ 7 ^ 

■ Graham, Houchin O. B., and Turner, C. W., J. Biol, them 120. ^ (19-^7) 
Reineke, E. P., Williamson, M. B., and Turner, C. W., J. Biol, them., 138, 83 

(1941) 

«» Gowan, J. W., and Tobey, E. P’., •/. Gen. Physiol., 16, "nd 67 (mi-2). Brown, 
W. R., Petersen, W. E., and Gortner, ./. Dairy Sci., 19- ^3 (1936 . 

Overman, b. R., and Wriftht, K. K.,J.Agr. Res., 36 , 637 (1929). Petersen, W. E., 

et al., J. Ain. Vet. Med. Assn., 2\7 (\93\). ^ , , » tt w / oa 770 

* 0 * Cary, C A , J. Biol. Chem., 43 , 477 (1920). Blackwood, J. H., Bioc. J., 26. 772 
(1932). 
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to what extent each of the various nitrogen compounds in blood is transformed 
into the various nitrogen compounds in milk. The difference in amino acids 
in the arterial and venous bloods is not sufficiently great to account for the 
milk proteins*”'*, especially as amino acids are also used in production of lac- 
tose. Incidentall}^ the production of lacto.se from amino acids, of course, 
involves deamination and urea production, so that the mammary venous 
blood contains 3 per cent more urea (1 mg per cent more) than arterial blood. 
Indeed, the increase in urea nitrogen in the mammary vein may be equivalent 
to the amino-nitrogen taken up by the gland to produce milk protein*”*. 
These masking effects and other complications make it difficult to interpret 
the significance of simple arterio-venous nitrogen differences. It is now 
believed””'””’”* that blood globulin, including glycoprotein, is taken up by 
the mammary gland. There are many data which bear on but do not clarify 
the problem of milk-protein synthesis, such as that there is much more 
globulin in lactating than in non-lactating gland tissue*”*, and that mammary- 
gland tissue contains considerable arginase*”” (enzyme for splitting urea from 
arginine). 

Summing up, Graham et seem to have demonstrated that only about 
40 per cent of the milk protein is derived from blood-serum amino acids, the 
remainder comes from blood-serum globulins and unidentified nitrogen com- 
pounds. This result was confiirned by Shaw and Petersen*””, and others*”*. 

21.4.6 : Milk-fat production. jNIeigs*”” el al. reported a jugular-mammary vein 
difference in lipid phosphorus, and so concluded that milk fat is derived from 
blood phospholipids. Subsequent investigatois*'” however, found no arterio- 
venous differences in phospholipids, but differences in total fatty acids, and 
so concluded that milk fat is derived from neutral fat, perhaps almost exclu- 
sively from blood fat. 

The respiratory quotient is ordinarily a good index of the nature of the 
metabolites involved in a given transfonnation (Ch. 12). Thus an R.Q. of 
1.0 indicates that carbohydrate is oxidized; and R.Q. above 1.0 indicates that 
fat is synthesized. R.Q. measurements of the mammaiy^ gland at Missouri"* 
yielded values considerably above 1.0 (average of 1.36), indicating s 3 ti thesis 
of a portion of the milk fat from blood carbohydrate. The R.Q. values 

Graham, W. R. Jr., et al.. Am. J. Physiol., 122, 150 (1938) and ./. Biol. Chem., 122, 
275 (1938). Reineke, E. P., et al., Univ. AIo. Agr. Exp. Sta. Res. Bull. 296, 1939; J. 
Boil. Chem., 138, 83 (1941). 

Shaw, J. C., and Petersen, W. E., Proc. Soc. Exp. Biol, and Med., 38, 632 (1938). 

Jackson, S. M., and Gortner, R. A., J. Biol. Chem., 123, 719 (1938). 

Shaw, J. C., and Petersen, W. E., Proc. Soc. Exp. Biol, and Med., 38, 631 (1938). 

Graham, Peterson, V. E., Houchin, and Turner, J. Biol. Chem., 122, 275 (1938). 

Shaw, J. C., and Petersen, W. E., Proc. Am. Physiol. Soc., 59th Meet., p. 183 (1938). 

Reineke, E. P., et al., Univ. Mo. Agr. Exp. Sta. Res. Bull. 296, 1939. 

•o’MeiM, E. B., Blatherwick, N. R., and Cary, C. A., J. Biol. Chem., 37, 1 (1919). 

Blackwood, J. H., Bioc. J., 28, 1346 (1934). Lintzel**, Graham**, Maynard** 
and J. Biol. Chem., 92, 263 (1931); Shaw and Petersen*'' and ./. Dairy Sci., 23, 1045 (1940). 

Graham, W. R., Jr., Houchin, O. B., Peterson, V. E., and Turner, C. W., Am. J. 
Physiol., 122, 150 (1938). 
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ranged*^“ from above unity in the lactating mammary gland of goats, to 
0.8 in non-lactating, indicating synthesis of milk fat, especially short-chain 
fatty acid fats, from blood carbohydrate. It is, however, more generally 
believed^^^ that the short-chain fatty acids in milk are derived from long- 
chain fatty acids, perhaps from breakdown of oleic-acid fats, in blood^^\ 
There is a considerable literature on the qualitative influence of the dietary 

a A M 

fat on milk fat . Broadly speaking, such characteristics as the iodine num- 
ber or hardness of the butterfat tend to parallel within certain limits the 
corresponding characteristics in the dietary fat. One observer reported that 
18 per cent of dietary oil was recovered unchanged in the milk”'. However, 
most milk fat is sj’nthesized by the mammary gland, since the chemical 
composition of milk fat as a whole differs from body and food fat. One of 
the important contemporary prol)lems in lactation re.search is the elucidation 
of the paths, time rates, and mechanisms of these and related transformations. 
The method of tagging dietary constituents with isotopes, .such as with 
deuterium”*, radioactive iodine”* and sulfur, heavy carbon'** and nitrogen 
should prove helpful in tracing dietary carbon, hydrogen, sidfur, and nitrogen 
to milk carbon, hydrogen, sulfur and nitrogen'-*. The use of isotopically 
labelled compounds is undoubtedly the next stage in the study of the inter- 
mediate metabolism of milk secretion, rnfortunately, this method is not 

suitable for experiments with ruminants. 

21.4.7: Influence of dietary fat level and of fasting on milk and butterfat 
production. About a century ago Lawes and Gilbert^-- demonstrated massive 
conversion of dietary carbohydrate into body fat in farm animals, and about 
a half century ago Jordan and Jeider similarly demonstrated massive 

“2 Reinekc, E. P., Stonecipher, W. C., and Turner, C. W., Am. J. Physiol. 132, 535 

(1941) 

Reinekc, et aL feel that if the milk fat all comes from blood fat, there should be 
no decline in short -chain fatty acids during fast when loss blood sugar is available for 
fat formation. Fasting reduces the R.Q. of the lactating mammary gland to 0.8 and 
also reduces short-chain fatty acids, which accords with the expectation if the short- 

chain fatty acids arc derived from blood lactic acid or glucose. r Oft ^*7*7 /1ftOA\ 

Bloor^b Pcterscn^% Hilditch, T. P., and Thompson, li. M., Bioc. J ., 30, C77 (1936). 

Hilditch and Longenecker, II. E., J. Biol. Chem., 122, 497 (1938). 

Eckles, C. H., and Palmer, L. S., ‘‘Influence of plane of nutrition on the cow upon 

the composition and properties of milk and butterfat; Influence of overfeeding. 

Mo. Agr. Exp. Sta. Res. Bull. 24, 1916. Influence of underfeeding, /d., Res. Bull. 
26. 1916. “Influence of feeding cottonseed products on the composition and properties 

of butter.” Id., Res. Bull. 27, 1916. Bloor^S Maymud, L A., c/ ai., J. ^ 

19, 49 (1936). Anderson, W. E., and Williamson, H. H., Physiol. Rev., 17, 335 (1937). 

Buschmann, cited by Bloor^b t'. oi. • ? on oic nojm 

Schoenheimer, R., and Rittenberg, D., Physiol Rev., 20, 218 (1940) 

Aylward, F. X., Blackwood, J. H., and Smith, J. A., Bioc. J ., 31, 139 (1J37). 

Carson, S. F., ei al., Science, 92, 433 (1940). ^ , .-i. * *> t.t i 

See also, Schoenheimer. R., “The dynamic state of body constituents, 

University Press, 1942. Borsook, H., el al., Proc. Roy. Soc 118B, 488 (193o), and Ann. 
Rev. Bioc., 12, 183 0943) . For the conversion of ammo acids to carbohydrate, sw Olsen, 
N. S., et al., J. Biol. Chem. 148, 611 (1943), and Gunn, S., and Wilson, D. W., Fed. 

Lawes, J. B., and Gilbert, J. H.. Trans. Roy. Soc., 2, 493 (1859). 

Jordan, W. H., and Jenter, C. G., New York Agr. Exp. Sta. Bull. 132, 1897, Bull. 

197, 1901. 
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convereion of dietary carbohydrate into milk fat in cattle. However, a 
certain amount of dietary fat is desirable for optimal production of body fat 
or milk fat. Thus Ma^mard*"^^ and associates demonstrated that dairy ani- 
mals fed a hay-silage-grain ration containing G per cent fat produce above 
those fed a ration containing 0.7 per cent fat; and cows fed a ration containing 
5 per cent fat produce above those fed a ration containing 3 per cent fat^^^: 
‘*For feeding practice, it is tentatively concluded that a level of 4 per cent 
fat in a grain mixture, which is fed at the rate of 1 lb for every 3 to 3| lbs of 
milk along with an adequate amount of ha}' and corn silage, may be considered 
as substantially adequate.” More recently Maynard*^^ and associates re- 
ported that cows led a ration containing 7 per cent fat produce 4.4 per cent 
more milk, 2.0 per cent more fat, and 4.1 per cent more FCM (milk reduced 
to a 4 per cent fat basis) than cows fed a ration containing 3 per cent fat. 
Feeding grain mixtures ranging from 2.7 to 4.9 per cent fat did not affect 
the milk or fat yield in milk cows’^\ Most of the literature^^ is not so 
clear-cut becau.se of complicating experimental factors which are difficult to 
interpret. For example, the milk yield may be limited by the animal’s 
capacity to handle bulk, and since a fat-rich ration has less bulk per calorie, 
the animal may be able to consume more available calories in the diet in the 
high-fat ration than in the more bulky fat-poor ration and, therefore, yield 
more milk on the high -fat ration. This is evidently not a fat effect but a 
bulk effect. Replacing the bulky roughage by iso-caloric quantities of fat- 
poor grain might have a similarly stimulating effect on milk production. 

The feeding of cod-liver oil lowers the milk fat*^^ (the depressing factor 
was traced to the triglyceride factor, not the non-saponifiable factor with- 
out, however, affecting the blood lipoids. 

Broadly speaking, while reducing a dietary or blood constituent below a 
certain level lowers the milk yield and often lowei*s the concentration of this 
constituent in the milk, the opposite effect, namely, raising the dietary or 
blood constituent above a certain level, is usually without effect on milk 
yield or milk composition. 

For instance, decreasing blood sugar by insulin or phlorizin decreases milk 

yield ; but increasing blood sugar above the normal level does not influence*^^ 

% 

Maynard, L. A., et al., Cornell Univ. Agr. Exp. Sta. Bull. 543, 1932; 593, 1934. 

Maynard, et al., Cornell Univ. Agr. Exp. Sta. Bull. 727, 1939. Gibson, G., and 
Huffman, C. F., Mich. Agr. Exp. Sta. Quarterly Bull. 24, 1939. 

*2® Maynard, et al.y Cornell Univ. Agr. Exp. Sta. Bull. 753, 1941. 

Monroe, C. F., and Krauss, VV, E., Ohio Agr. Exp. Sta. Bull. 644, 1943. 

See, for example, Allen, N. N., J. Dairy Sci., 17, 379 (1934) (feeding fat, especially 
butterfat, to cows increases the fat percentage in the milk, but only for about a week. 
Feeding additional fat to cows on a high-fat level does not increase the fat percentage 
in milk). See also McCandlish, C., and Struthers, J. P., J. Dairy Res.j 6, 303 (1935). 
Garner, F. H., and Sanders, H. G., J . Agr. Sci.y 28, 35 (1938). 

Golding, J., et al. [Bioc. /., 20, 1306 (1926)] discovered a 30% decline in the fat 
content of the milk on daily feeding over 56 gm cod-liver oil. This was confirmed by 
many investigators. 

McCay, C. M., and Maynard, L. A., J. Biol. Chem.y 109, 29 (1935). 

131 Williams, H. H., and Maynard, L. A., J. Dairy Sci.y 17, 223 (1934). 

Petersen, W. E,, and Boyd, W. L., Proc. Soc. Exp. Biol, and Med.y 37,537 (1937). 
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the lactose per cent in milk or the milk yield. Likewise, decreasing the pro- 
tein'^^ content below about 10 per cent in the ratioTi of milking cow.s may 
depress milk yield ; but increasing it above this level does not increase milk 
yield or change the composition. Howe\'er, some diffusible constituents in 
xx^x It XX ^)t ^ t Ow 1 zed tlxe mammary gland, such as vitamins A and D, 

may be increased enormously above the normal level by their dietary or 
blood increase. 

Related to the ixrohlem of dietary level is that of fastiiij; on milk x)roduction and 
composition. As expected, continued fasting lowers the milk yield; but unexpectedly, 
it raises the concentration of most milk constituents (fat, protein, ash, total solids), 
though it lowers some, especially lactose. Figs. 21.10 and 21.11 indicate how the per- 
centages of the various milk constituents change with advancing fast. The nature of 
the changes varies with the time of fast, stage of lactation, individuality of the animal, 
nutritive condition and so on. 

These time changes for 6 days (144 hours) in milk yield and composition do not 
precisely reflect (excei)t possibly in the sugar) the quantitative time changes in the 
composition of blood, as illustrated by the following duta*^^ on blood. The important 
effect of fasting on lactation may be by way of the influence on the lactogenic hormones, 
which influence has not yet been investigated. 

The following comparisons, modified from Smith^^^, on a lactating Ayrshire cow indi- 
cate a similar lack of correlation between milk aiul blood composition. 
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4.7 

35 ' 

350 

100 

78 

^ 15.0 

1 

6.5 

93 

10.5 

32 

5th day fast 

3.0 

145 ' 

347 

107 

75 

17 

7.0 

93 

9.8 ' 

40 

10th day fast 

4.1 

141 

337 

12a 

74 

19 

1 

7.0 

93 

10.2 

41 


As previously noted, the nature of the diet changes to some extent the composition 
of the milk fat. The advance of the period of starvation changes the nature of the 
nutrients available for the mammary gland, and consequently changes to some extent 
the nature of the milk fat . Thus the iodine values rise (from 37 to 53) and the Keichert- 
Meissl value declines (from 25 to 9) during fast‘d®. 


Summarizing this section as a whole, milk is produced in the secretory cells 
of the mammary gland in several steps, fii-st by filtration, then by synthesis 
of the major transudate constituents into larger molecules, such as lactose, 
from glucose and from lactic acid. Such .synthesis of one large molecule from 
several smaller ones produces an o.smotic-pres.sure gradient, forcing more 
blood transudate into the secretory cells. The rate of milk production is 
dependent on several factors: (1) the rate of .synthesis in the .secretory cells. 


133 

intake 
678, 1933. 


See, among others, Harrison, E. S., and Savage, E. S., Different planes of protein 
e and milk production. X. Y. (C’ornell) Agr. Exp. Sta. Bull. 540, 1932, and Bull. 


134 

136 

13« 


Aylward, F. X., and Blackwood, J. H., Hioc. ./., 30, 1819 (1936). 

Smith, J. A. B., Howat, G. U., and Ray, S. C., ./. Dairy Res., 9. 310 (1938). 
Smith, J. A. B., and Dastur, X. X., Hioc, J ., 32, 1868 (1938). 
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(2) the concentration of milk precursors in the blood, and (3) the rate of blood 
circulation through the mammary gland. Measurements of mammary 
arterio-venous differences in blood composition indicate that: (1) milk sugar 
is normally produced from (a) blood sugar, (b) lactic acid, (c) protein; (2) 
milk protein is produced from (a) blood amino acid (up to about 40 per cent), 
(b) blood-serum globulin and unidentified substances; (3) milk fat from (a) 
blood-serum fat (or equivalent), (b) blood sugar and possibly blood lactic 
acid and protein. 

Reducing blood sugar or other constituents below their normal levels de- 
presses milk production and reduces the percentage of its constituents; but 
increasing blood sugar or other blood constituents above their normal levels 
does not usually increase milk production, or the percentage of sugar, fat, or 
protein in the milk. For instance, adding fat to a cattle ration already con- 
taining 4 per cent fat does not appreciably increase the fat percentage in 
the milk. 

Some diffusible substances not synthesized by the mammary gland, such 
as iodides and some of the vitamins, tend to enter the milk in some proportion 
to their concentration in the blood. In this way cow’s milk may be enriched 
in these substances by dietary methods, e.g,^ with vitamins A (from 400 units 
per quart on winter feed to 2200 on green summer pasture), with vitamin D 
(from 5 units per quart in vinter light to 50 units in summer sunshine and 160 
on feeding about 200 gm or \ lb irradiated yeast per day), or with iodide 
(Ch. 6); it cannot, however, be enriched appreciably \rith calcium, iron, 
copper, or thiamine, (human milk apparently can be enriched \rith thiamine 

* 137 

by dietary means ). 

The operation of the law of diminishing returns (Ch. 1) relating the con- 
centration of milk and feed constituerrts may be illustrated by the following 
values on the relation between vitamin D in milk and feed. 


Vitamin D units fed to cows 0 600 1400 40000 60000 


Vitamin D units per quart milk 3 5 


10 


20 


30 


There are large bodies of data on such relations by the Ohio and Wisconsin 
worker's and other's. 

21.6: The heat increment of lactation dxiring feeding and fasting. As 

might reasonably be expected, the lactation process involves an extra energy 
expense or heat increment above the non-lactating level. The milk precursors 
are assembled and synthesized into milk; the lactating mammary gland has 
more physiologically active tissue; the endocrine system (especially thyroid 
and pituitary) is physiologically more active durmg lactation; two to three 
times more food is ingested during lactation (Fig. 14.20c). Each of these 
processes involves some form of “work” (Chs. 2 to 5), which, of course, 
takes place at an energy cost. We shall indeed demonstrate that the heat 


Donelson, E. G., and Macy, I. G., J, Nut,, 7, 231 (1934). 
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production during heavy lactation is about 100 i)er cent above tliat during 
the non-lactation level in spite oi’ the following conclusion to the opposite: 

. .lactation does not increase the heat production. Tins is not strange, 
since the arrangement of food materials in the preparation of milk depends 
upon the hydrolytic cleavages and syntheses which iiu'olve hardly any thermal 
action'^.” This conclusion^^^, generally cpioted in textbooks, is based on 
heat production under basal conditions, that is heat production during fast, 

eoL— J \ I I I I RAT 9420^ 
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Fig. 21.5a. The influence of lactation on heat production The smooth lines repre- 
sent Lat production of non-lactating aninials (the lower line for mature an.ma s of 
different sp^ecies, the upper line for rats of different sue assuming, the same 0.73 slope 

of the line). 


and we shall show that fasting depresses lactation and heat production. 
Under ordinary conditions, of course, hictatinjr animals do not fast; indeed, 
they consume two or three times as much lood as non-lactating animals 
(Fig. 14.20c). As aforenoted, their heat inoduction is perhaps twice as 

Lusk, G., “The Science of Nutrition,” Philadelphia, 1928. 
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great aa that of iion-lactating animals, the exact value depending on the 
lactation level, and therefore food intake. Let us clarify this statement by 
analyses of data. 

21.6.1: The heat increment of lactation during normal feeding. Figs. 
21.5a to c show*^^ that the heat production in lactating rats may be 100 
per cent above the non-lactating level. Fig. 21.6 compares similar cur^'es 
for dairy cattle and rats (a.ssuming that heat production/(\veight)^’^^ is a 
comparable ratio in cattle and rats). Figs. 21.7a and b show heat produc- 



GESTATION 6 LACTATION. CWS 


Fig. 21.5b. Time curves of metabolism with the advance of the period of gestation, 
lactation, and post-lactation rest. 

tion as a function of milk production in rats^^*^ (taking the litter size in rats as 
index of milk production) and goats. Whichever representation method is 

Brody, S., Riggs, J., Kaufman, K., and Herring, V., “Energy metabolism levels 
during gestation, lactation, and post-lactation rest,” Univ. Mo. Agr. Exp. Sta. Res. 
Bull. 281, 1938. 

Washburn, L. E., Brody, S., and Ragsdale, A. C., “Influence of fasting and re- 
feeding on milk production,” /d., Res, Bull. 295, 1939. 
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employed, the result is the same; heat production in non-fasting animals is 
proportional to milk production. 

The high heat increment of lactation is not due to higher physical activity 
during lactation because, as shown in Fig. 14.20c, physical activity during 
lactation is considerably below the non-lactating level. Fig. 14.20c also 
shows that food consumption during the lactation peak is approximately 
three times that of the prelactation level. The high lactation heat increment 
is thus shown to be associated with the high food consumption and milk pro- 
duction rather than with phj'sical activity. 



OAYSO 7 >4 * 7 14 2l 26 42 O 7 14 £ 7 I4 2l 28 3^ 42 

GESTATION S lactation GESTATION s LACTATION 


Fig. 21.5c. The relative influence of gestation, lactation, and post-lactation rest on 
body weight, and heat production per day and per (weight) '^ on four successive litters 
of rat 9419. Note the influence of the number of young on the metabolism level. 


21.6.2: The heat increment of lactation during fast. ]3epending on the 
rate of milk flow, lactation may treble the food consumption of the non- 
lactating state (rats'^\ women^^^ cattle), and it is not surprising that the 
heat production is also increased. Lusk’s conclusion that “lactation does 
not increase heat production” refei's, on the contrary, to a post-absorptive or 
fasting condition, which tends to depress, perhaps stop, the milk flow. We 
propose to substantiate the statement that even a relatively short fast virtually 
stops lactation in the sense of milk yield. 


Slonaker, J. R., Am. J. Physiol . 362 (1924-5). 
and Comp. Psychtd. Monoyr.^ 2, No. 6 (1923). 

Macy, I. ()., et at., J. 399 (1931). 


Wang, p. 736 (1925), 
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Let us firet discuss the influence of fasting on the milk production and heat 
production in rats'®®. The change in body weight of the 10-day old litter 
during a 45-minute suckling is taken as index of the litter “food intake”, or 
of the mother rat’s milk production. 

Fig. 21.8, lower curve, shows that within 10 hours after the food was re- 
moved from the cage, the litter “food intake” became zero; that is, the 
mother’s milk production declined to an insignificant level. In the same time, 
the mother’s R.Q. declined from 1.0 or o\ er, to nearly 0.7, indicating that the 
available carbohydrate in the lactating mother rat disappeared ^\dthin 10 



Fig. 21.7a. Heat production as function of litter size and litter-weight gain which, 
of course, tends to be proportional to milk production of mother rat and related data. 
The space between the broken lines represents ? of the data points. 


hours after the food was removed; and the mother’s metabolism declined 
from about 50 to 35 Calories. The baby rats died of starvation within 4 
days of the mother rat’s fast. Incidentally, this chart .shows that milk is not 
produced at the expense of the mother’s stable tissues because the mother 
fasted 7 days, and recovered on refeeding, while her young died in less than 
4 days. If lactation occurred at the expense of the mother’s stable tissues, 
lactation would continue to the end and mother and young would die at ap- 
proximately the same time. It can thus be concluded that it i.s tiaie that the 
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basal metabolism of ‘‘lactating’^ rats is no greater than that of non-lactating, 
because under conditions of basal metabolism there is practically no lacta- 
tion, and consequently no heat increment of lactation. 

Fig. 21.9 shows that the parallelism holds not only for fasting but also for 
refeeding. Normal milk production almost perfectly parallels feed consump- 
tion, heat production, and R.Q. 



MILK PRODUCTION IN 12 HRS., X 


Fig. 21.7b. Heat production per 12-hour period above the basal level plotted against 
milk production during fast and refeeding of goats. The data points representing suc- 
cessive 12-hour periods are numbered serially. Sy.*, the standard error of Y about the 
equation line (Y as a function of x), has a value of 61, which means that the heat produc- 
tion above basal can be estimated from the equation with the odds 68 out of 100 that the 
error will not exceed 61 Calories. 

Similar results were obtained on goats*^’^ (Fig. 21.10) and cattle*^^ (Fig. 

21 . 11 ). 

Although we have no data on the influence of fasting and refeeding on milk 
secretion and heat production in women, data on rats, goats, and cattle demon- 
.strate that milk production, heat production, and respiratoiy quotient fall 

Washburn, Brody, and Ragsdale*^®. The curves for the goats were plotted from 
original data; the curves for the cattle were plotted from data bv Overnmn, O. R., 
and Wright, K. E., J. Agr. /?cs,, 36, 637 (1927). 
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and rise in percentage parallel with fasting and refeeding. Hence the con- 
clusion that there is a large heat inclement and energy cost of lactation. 
Lactation is said to begin in the later halt ot gestation; lactation is an out- 
growth of gestation (beet. 7.2). Ihe problem of prenatal growth and metab- 
olism during gestation was previously discussed (Sect. 14.7, see Figs. 14.17 to 
14.23). 

21.6 1 energetic efficiency of milk production. The o\'erall economy of 
milk production is composed of many elements, the two outstanding of which 
are (1) energetic efficiency of the lactation process disciissed in this section; 



Fig. 21.8. The course of: heat production (Cal/day and Cul/kg/day), U.Q. (respira- 
tory quotient) and litter ‘‘food intake’', with time after feeding of the mother. Note the 
parallelism between the R.Q. of the mother and tiie “food intake” of the litter. Note 
that the gain in weight of the litter during 45-minute suckling declined from three gm. 
to zero within eight hours after the food was removed. 


(2) size of animal, “dairy inerit^', and plane of nutrition discussed in the 


following chapter. 

As defined elsewhere (Chs. 1 and 22), gross energetic efficiency of milk pro- 
duction is the ratio of milk calories produced to feed calories consumed, in- 
cluding maintenance cost] net energetic efficiency is the ratio of milk calories 


to feed calories above the maintenance cost. 
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Gross efficiency milk calories produced 

of milk production " feed {TDN) calories consumed (21.1) 

including maintenance cost 

Net efficiency of milk calories produced 

milk production “ feed {TDN) calories consumed (21.2) 

above the maintenance cost 



Fig. 21.9. The influence of fasting and refeeding of mother rat on her milk production 
(measured by litter-weight gain during suckling), metabolism, body weight, and R.Q. 

Note the prompt decline in “litter food intake” and metabolism on fasting and rise on 
refeeding. 

If body weight is unchanged during lactation, the gross eflBciency is com- 
puted by replacing the numerator in equation (21.1) by the milk energ}', ac- 
cording to the method of Gaines (convert milk to FCM from Table 22.2 
and multiply FCM pounds b}*^ 340, the caloric equivalent per pound FCM); 
and by replacing the denominator by the TDN energy consumed (multiply 
pounds TDN by 1814, the assumed caloric equivalent per pound TDN). 
Equation (21.1) then becomes: 


Gaines, see Table 22.3, 
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Gross efficiency 
of milk production 


340 X FCM (lbs) 
1814 X TDN (lbs) 


(21.3) 


In addition to the overall gross and net efficienc}" categories as defined 
above, one may measure the efficiencies of the various component processes 
as, for example, the energetic efficiency of the mammary gland alone in as- 
sembling the milk precui'sors in the blood and synthesizing them into milk. 

Graham and associates at the Missouri Station indeed computed the 
mammary-gland energetic efficiency from the arterio-venous differences in 


I 
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Fig. 21.10. The lower half represents comparison of the time curves of milk production 
(curve 9), heat production above base (curve 8). and R.Q. above 0.7 (curve 9), all in 
terms of percentage of normal initial values. Note the striking parallelism of these 
curves for goats and compare to the parallelism of the curves in Fig. 8 for rats. The 
upper curve represents the time changes in composition of the milk with advancing fiist 
and refeeding. 

oxygen and carbon dioxide content. They reported that the gross efficiency 
of the mammary gland, including its maintenance cost, is approximately 90 
per cent; that is, 10 per cent of the milk-precursor energy entering the mam- 
mary gland was expended for the synthesis of milk from its precui'sors, and 
for the maintenance of the gland*^\ Thus, for example, if an 1100-lb cow 

The efficiency was computed from the ratio: 

Milk energy i)er cc milk 


Blood flow X 100 


X 1.09 (COj vol.% — Oj vol.%) + 5.01 (03Vol.%) -b milk energy/cc milk 


• It •11 V /o V/j I I f vv 

milk yield 

The ratio of blood flow through the mammary gland to milk produced ranged from 


150:1 to 250:1; arterial O 2 , 12.87 mg.%; mammary vein O 2 , 7.53%; O 2 decrement, 5.34 
arterial CO 2 increment, 6.86%.; R.Q., 1.3; milk energy, 80.65 C’al per 100 cc. 
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produces 40 lbs FCM or 13000 C’al of milk, 10 per cent of this value, that is 
1360 Cal of energy is wasted, i.c., given off as a heat increment of mammaiy- 
gland activit}'. Incidentally, since the “basal metabolism” of a 1100-lb cow 
is about 7000 Cal, the 1360 Cal heat increment of mammary -gland activity con- 
stitutes nearly 20 per cent of the basal metabolism. It was noted in the 
previous section that the heat increment of heavily lactating animals is about 
100 per cent above that of the non-laclating level. 



HOURS FAST 


Fig. 21.11. Fasting dairy cows for 3 days (said to be the time required to attain the 
post-absorptive level for “basal metabolism” in cattle) reduces milk yield to 5-20 per 
cent of the original level (depending on the stage of lactation and individuality of the 
cow). This result substantiates the conclusion based on the rat and goat data that it is 
not possible to measure the basal metabolism of animals yielding normal amounts of 
milk because the fast required for basal metabolism profoundly depresses milk produc- 
tion. The upper curves represent changes in percentage composition of milk; the lower 
curves, changes in absolute yield; both upper and lower curves are represented in terms 
of percentages of the initial values. From the upper curves, note that fasting, which 
reduces milk yield increases fat percentage (1) but reduces lactose percentage (5). 


21.6.1 : Gross efficiency of milk production in dairy cattle. Using equation 
(21.3) above, we*^® computed, first, the gross efficiency of milk production of 
368 dairy cows (data in Table 21.7) with the results summarized in Table 21.6. 
These tables show that the given cows — weighing from 1000 to 1300 pounds, 
producing 28 to 50 lbs FCM and consuming 17 to 28 lbs TDN per day — pro- 


Brody, S., and Procter, R. C., “Energetic efficiency of milk production and the 
infiuence of body weight thereon,” Univ. Mo. Agr. Exp. Sta. Res. Bull. 222, 1936. 
Brody, S., and Cunningham, R., Id., Res. Bull. 238, 1936. 
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duced milk at a gross energetic ediciency of 28 to 34 jier cent; that is 28 to 

34 Cal milk were produced per 100 Cal TDN consumed. In other words 

about i of TDN energy consumed by the superior cows was reco\-ercd in the 

mdk; or the TDN energy consumed was about 3 times the FCiM energ\- 
produced. 


Additional siKiiificant features of this table: ( 1 ) tl.e daily FCM production \va.s 

10,000 to 17,000 Cal per day and TDN consunii)tion 32,000 to 50,000 Cal per day (•■>) 

the milk calories jirodueed were from 1 * to 2 times the estimated basal metabolism of 

the cows; (3) depending on tlic milk yield iiiid efliciency, from 3 to ‘ of the total TDX 

consumed was used for maintenance, leaving from 1 to 3 for milk production- ( 4 ) the 

cows consumed 2 to 3 times as much TDN .luring lactation as during non-lactating 

maintenance, a result in goo.l agreement with the one previously cited for lactating 
rats and also for higli-miiking women. 

rhe highest energetic efficiency of milk protluction that we encountered (estimated 
from the nomograph, Fig. 22.2) was 17.5 per cent for the Jersey champion cow Stone- 
hurst Patrician’s Lily, a TOO-jmund cow which produced 25.9-IG lbs F('M for the year 
Much higher absolute production records were made, but at lower energetic efficiencies. 


Thus the U. S. Holstein champion cow Carnation Ormsby lUitter King “Daisy” pro" 

duced*^* 36,476 lbs FC,’M per year, which is 40.5 per cent ( = v loo^ 

\ 25,946 ) 

above that of the Jersey chamj)ion production; but since the Holstein cow weighed 
1700 pounds, whicli is 143 per cent X 100^ above that of the Jersey weight 



00 

f 12 09 6 33 

and since the Holstein cow probably used about 91 per cent ( = — ^ — X 100 

\ G.33 ^ 

more TDN for maintenance than the Jersey, the gross energetic efficiency of milk pro- 
duction of the Holstein was computed (from Fig. 22.2) to be only 43.5 per cent in con- 
trast to gross efficiency of the Jersey of 47.5 per cent. This 47.5 per cent gross efficiency 
value with regard to TDN is prol)abIy near the limit of biological possibility. The 
detailed production records of “Daisy” are given in the following table. 


Production Records of Carnation’s “Daisy” 


Lactation month 

FCM (4% milk), 
lbs. /day 

FCM, Caloric.s/day 

Estimated gross energetic 
efliciency 

1 

97.38 

33109 

43.8 

2 

105.61 

35907 

44.6 

3 

103.16 

35074 

44.4 

4 

110.51 

37573 

45.3 

5 

107.68 

36611 

44,9 

6 

102.85 

34969 

44,3 

7 

102.94 

35000 

44.3 

8 

! 97.15 

33031 

43.7 

9 

96.31 

32745 

43.6 

10 

91.89 

31243 

42.9 

11 

90.01 

30603 

42.7 

12 

91.18 

31001 

42.9 


It is significant that the gross energetic efficiency of milk production of “good” 
dairy cows is of the same order as the gross efficiency of early postnatal growth on 
"good” diets, namely about 30 per cent (Ch. 3). Thus chicks and cattle grow at, 
roughly, the same gross energetic efficiency in early postnatal life, just as large and 
small cows tend to produce milk with equal gross energetic efficiency. 


See Hohiein-Friesian Worlds Feb. 22 , 1936 
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It will be presently shown that the net energetic efficiency of milk production with 
respect to TDN consumption in dairy cattle is of the order of 60 per cent. Since net 
efficiency does not include maintenance cost, therefore gross efficiency, which does in- 
clude maintenance cost, can never reach the net-efficiency of 60 per cent level; 50% 
is probably as high a gross efficiency level with respect to TDN consumption as it is 
possible to achieve. 

21.6.2: Gross efficiency of milk production in dairy goats. The efficiencies 
of seven goats were investigated*^*. Their weights averaged 42.5 kg (93.5 
lbs) ; daily milk production 2114 Cal, or 6.2 lbs FCM; gross efficiency of milk 
production with respect to TDN ranged from 32 to 40 per cent, averaging 
34.9 per cent. The conclusion follows that the gross energetic efficiency of 
milk production in dairy goats is of the same order as that of dairy cattle. 

It is significant that women, in the same weight class with goats, produce 
milk at the same level and at the same gross efficiency as goats. Thus wet 
nurses w'ere reported to produce 4.5 liters (about 10 lbs) per day*^*, and 3.1 
liters (near 7 lb or 2100 Cal) milk per day****. These women**** converted 30 
to 50 per cent of the food calories to milk calories, confinning Hoobler***, 
w^ho obseiwed w'omen converting from 41 to 47 per cent of their dietary calories 
into milk, that is, producing milk at a gross energetic efficiency of 41 to 47 
per cent. 

21.6.3: Gross efficiency of milk production in rats. There is some difficulty in 
obtaining the milk-energy production in rats. However, we^“ are confident of the fol- 
lowing results because they represent concordant values obtained by two methods as 
follows; 

(A) The milk produced in the rat was estimated from the weight gains of the litter 
during timed suckling intervals, corrected for weight losses due to urination, defeca- 
tion, and insensible perspiration: 


Gross efficiency 
of milk produc- 
tion in the rat 


Gain in litter weight (gm) during Calories 
suckling plus loss in litter weight X per gm 
due to insensible perspiration rat milk 

Calories TDN consumed by mother 



The caloric value of rat milk was estimated from its composition. We assumed, on 
the basis of data by Mayer*®*, and by Cox*®^ that rat milk contains 16 per cent fat, 12 
per cent protein, 3 per cent carbohydrate; therefore, a gram of rat milk has a combus- 
tion value of 2.3 Cal (9.5 X 0.16 + 5.6 X 0.12 -f- 0.03 X 4 = 2.3). 

(B) The milk produced in the rats was also estimated from the energy stored in the 
litter, plus maintenance of the litter. 


*** Brody, S., Sandburg, Mrs. Carl, and Asdell, S. A., “Growth, milk production, 
energy metabolism and energetic efficiency of milk production in goats.” Univ. Mo. 
Agr. Exp. Sta. Res. Bull. 291, 1938. 

Ylinen, L., Acta. Paediat., 21, 473 (1937). Macy, I. G., /. Dis. Child., 39, 1186 
(1930), 

*®® Shukers, C. F., et aL, J. Nut., 6, 127 (1932). 

*®* Hoobler, B. R., Am. J. Dis. Child. 14, 105 (1917); Jour. Am. Med. Awa., 69, 421 
(1917). 

*®* Brody, S., Nisbet, R. N., “A comparison of the amounts and energetic efficiencies 
of milk production in rat and dairy cow.” Univ. Mo. Agr. Exp. Sta. Res. Bull. 285, 
1938. 

1®* Mayer, D. T., J. Nut., 10, 343 (1935). 

*®^ Cox, W. M. Jr., and Mueller, A. J., J. Nut., 13, 249 (1937). 
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Fig. 21.12a. Milk production and energetit; (dlicioncy of milk production in rats in 
relation to stage of lactation, litter size, litter weight, food intake of mother rat, and 
litter metabolism. Tlie ermrgetic efficiency of milk production wa.s obtained by two 
methods, method A (Fig. 21. 12a), uK'thod H (Fig. 21.121)), and l>v I>oth methods, A and B 
(Fig. 21.12c). Note that the rats ))roduced 15 to 115 Cal. (av. (it) (’al.) milk per day, and 
70()~14(K) Calories during the 21 -day lactation period; that tlie mother rats consumed 
70-220 Cal. TDN per day, depending on litter sizt* (milk production). 'Fhe numbers in 
)aren thesis represent number of rats in litter. Fig. 21 .12c comi)ares t he results obtained 
y methods A and B directly. Note that method \ yi(‘lds lower values tluui nudliod fi 
on animals A in the early stages of lactation, and higher values in the late stages. This 
discr^ancy is due to: 1) increasing fuel value of the weiglit gain.s of the litter with in- 
creasing age, while in computing results it was assumed tiuit the fuel value per gram gain 
is constant; 2) decreasing fuel value per gram milk with increasing milk production, while 
m computing results it was assumed that the fuel value per gram milk is constant. 


C 
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Gross efficiciicy of stored iii the litter ~\- 

milk secretion in = _ maintenance cost of litter (B) 

the rat Calories TDX consumed by mother 


The maintenance cost was estimated from the respiratory exchange (heat produc- 
lon); the stored energy, by multiplying (he weight gains in grams by 1.5, assuming 
that 1 gm. body weiglit gain is equivalent to 1.5 Calories. 

Fig 21.12a toe present the results on milk production, and energetic elhciencv of 
the rat as obtained by methods f.\) arul (R) above. 
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LACTATION 

Fig. 21.12c. See legend for Fig. 21.12a. 
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The gro.ss efficiency of milk pi'oduction in the rat, in the flush of lac- 
tation, between the lOtli and 18th, is seen from Fig. 21.12 to be between 
44 and 48 per cent, whicli is of the same order as in the champion cows. 
The milk-production efficiency of the rat is higher than that of the 
avevage-superior experiment station cows, perhaps because tlie rats were 
on a relatively better (high-milk cereal) diet than the cattle (grain-hay); 
or perhaps l)ecause rats— raising large littci*s in a few days — are lacta- 
tionully superior to cattle -raising I calf during a relatively long period. 
The important fact is tliat the gro.ss energetic efficiency of milk produc- 
tion in the rat during the flush of lactation is of the same order as in 


cows or goats. 

21.6.4: Influence of body size on gross efficiency of milk production. It 
is said that large animals are bettor milk i)roducers than small ones because, 
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as a rule, they produce more It is also said that small animals are 

better milk producers than large because (other conditions being equal) small 
animals produce more milk per unit body weight than large. Thus, as ex- 
plained above, the average milk Calories produced per kg body weight are 
about 175 for rats and 25 for dairy cows. 

However, the comparison of milk production in the preceding section shows 
that the energetic efficiency of milk production (the ratio of milk energy pro- 



Fig. 21.13. Milk (FCM) production as function of body weight of 2-year old, 3-year 
old . . . Jersey cattle. Data compiled and averaged from the Jersey Register oj Merit 
yearbooks 1918, 1920, and classified by ages as follows: 849 records, age 23-25 months 
(2 yrs.) ; 338 records, age 35-7 mos. (3 yrs.) ; 304 records, age 47-47mos. (4 yrs.) ; 245 records 
ages 69-61 mos. (5 yrs.); 581 records 6-8 yrs.; 449 records 6-8 yrs., re-entries; 191 records 
8-10 yrs., re-entries. 

cluced to food energj" consumed, or “dairy merit”) is virtually the same in rats, 
goats, humans, and cattle. We thus conclude that differences of opinion con- 
cerning the influence of body size on milk production are due to differences 

Cf. McDowell, J. C., U. S. Dept. Agr. Cir. 114, 1930. According to dairy-cattle 
herd-improvement association data, there is an increase in yearly yield of appro.\i- 
mately 10 lb butterfat or 250 lbs FC^I per 100 lbs increase in live weight. Under official- 
test conditions, there is an increase of about 20 lbs butterfat or 500 lbs FCM for each 
100-lb increase in body weight. 
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in the leference bases employed (Cli. 13). The fact is that when other con- 
ditions are equal, a large animal produces more milk per animal than a small 
animal; a small animal produces more milk per unit weight than a large animal; 
large and small animals produce the same amounts of milk energy per unit 
food energy. This problem of influence of body size on milk production, with 
special reference to practical (monetary) implications, is discussed in the 
folloAving chapter (Sects. 22.2, 22.3, and Table 22,1). 


BODY WEIGHT 



IBS 600 6CD tOOO 12CD t400 


BODY WEIGHT 

Figs. 21.14a. Milk (FCM) production on lower curves and gross efficiency of milk 
production on upper curves. Fig. 14a represents the 243 experiment station cows listed 
in the table at the end of tliis chapter; the other curves are also j)lotted from the same 
table, as indicated. While FCM production usually rises with increasing body weight, 
efficiency usually declines. Further details are given in Univ. Missouri Res. Bulls., 
222, 238, 239. 

Small dairy cows are frequently more efficient energetically than large ones (Fig. 
21.13 and 14). This is not due to body size as such but because the basis for selection 
has been the production per cow. To stay in the herd the small cow has had to pro- 
duce nearly as much as the big one; but if the small cow produces as much as the big 
cow, she is more efficient because she lias a smaller body and maintenance and there- 
fore expends less of her feed for maintenance. 

Figs. 21.13 and 21.14 also show how milk production tends to rise witli body weight 
in cattle. This problem is discussed in Chapters 13 and 22. 

It thus appears from the above analysi.s of lactation data of cattle, goats, 
mts, and humans that body size as such does not influence the energetic cfh- 
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ciency of milk production; other conditions being ecpial, small and large 
animals convert the same percentage ot lood energy into milk energv. 

The gloss efficiene.\ ot milk production ol good dairy cattle with lespect to 
TDN energy consumed''''’ is of the order of 30 per cent. IIowe\ er, it apix'ais 
from indirect evidence that at the l)iologic limit, that is, in the highest-pro- 
ducing champions, the gross efficiency may rise to 50 per cent. Following the 
psychologist’s I.(J. (intelligcaice (|uotient) concept we may say that if the 
gross efficiency of milk production of the “average good” cow is 30 peicent, 
and if a given champion cow’s gross efhciency is 50 per cent, the L.(^. (lacta- 
tion quotient) of the chami)ion cow is 48,30 = 100. A cow having a F.(). 
of 166 is a “lactational genius”, just as a man having an I.(). of 106 is an 
“intellectual genius^. 

21.6.6: Net efficiency of milk production. Having found that the average 
gross efficiency (including maintenance cost) of milk production of good dairy 
cattle is of the order of 30 ])er cent and of champion cows, at the biologic limit 
near 50 per cent, we next proceed to investigate the ricf energetic efficiency 
(excluding maintenance cost) of milk i)ruduction. It is true that from the 
economic viewpoint the overall or gross efficiency is the more important; but 
we shall see that the net efficiency is also of considerable interest. 

It was previously noted that the net efficiency of milk production with re- 
spect to TDN consumption is of the order of GO per cent. The following dis- 
cussion indicates how this value was obtained. 


To evaluate the net efhciency, it is neces.sary to detennino how nuicii of tlie con- 
sumed TDN is used for (1) producin^i milk, (2) niiiintaining the animal, (3) gaining (or 
losing) body weight. 

The partition of the feed for its various uses is evidently a prol)lem of great difli- 
culty. This cannot ho done hy a direct experimental approacli. Accordingly, we 
devised an indirect statistical approach as follows^'®. 

Assume that the TDN is used for only the three purposes: producing milk, main- 
taining the cow, and gfiirnng weight; and writ** this statement in the form of an ctpia- 
tion : 


TDN = Ii{FCM) -I- -f /;a(!P) 


(21.4) 


in which TDN = total digestible nutrients consumed ; FCM/ = 4 per cent milk produced; 
[yo.7j — ijyg weight raised to the 0.73 power; A\V = gain or loss in body weight. When 
other variables are held constant, B and D represent, respectively, units of TDN re- 
quired to produce unit of 4 per cent milk, FCM, and to gain unit live weight, A\V. The 
TDN cost of maintenance is C times body weight raised to the 0.73 power. 

Then fit the equation to the data by the method of least squares, that is, by mini- 
mizing the squares of the residuals with respect to the three constants, C, D. This 
we did to the yearly lactation records of the 243 experiment station (Table 21.5) Hol- 
stein and Jersey (and a few Guernsey) cows 5 years of age or over (to eliminate age com- 




The gross efficiency would he less if related to the gross instead of digestible 
energy consumed. Thus E. B. Eorbes and A. Le Roy Voris, [J. Nut., 6, 395 (1932) ) ob- 
served a gross efficiency of milk production of 18-23% when related to tlie gross energy 
of the ration. 
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plications). The energies expended for converting milk precursors into milk and for 
the process of secretion are lumped with the FCM term. Solving in terms of pounds 
per day we obtain 

TDN = 0.305ra/ + 0.053 + 2.1EW (21.4a) 

The meaning of the constants is as follows: if maintenance and weight-gain costs are 
held constant, 0.305 lb TDN is used per pound FCM produced; if milk yield and mainte- 
nance costs are held constant, 2.1 lbs TDN are used for 1 lb gain in live weight; if milk 
yield and weight gain costs are held constant, the TDN cost of maintenance is 0.053 
time weight raised to the 0.73 power. 

Note that equation (21.4) is based on the following unproved assumptions: TDN 
for FCM varies linearly with FCM production*”; TDN for weight gain varies linearly 
with weight gain; TDN for maintenance is a power function, the power being 0.73, 
of body weight (so assumed because basal metabolism of mature animals of different 
species varies with the 0.73 power of body weight as explained in Ch. 13); TDN con- 
sumed is the algebraic sum of the above three terms — and no others. 

The last assumption, that TDN consumption was not affected by factors other than 
FCMy W, and AlF, may be tested by adding another constant, to take up the other 
unknown influencing factors, as indicated by the equation 

TDN = + B(FCM) -h C(ir*>-”) + DA(W) (21.5) 

Solving, we obtained 

TDN = 0.478 + 0.303 (FCM) -|- 0.051 + 2.18A1F (21.5a) 

Inspection of eq. (21.5a) shows that the value of A, that is, 0.478 lb TDN, is small in 
comparison to the total TDN consumed by a lactating cow (av. for the 243 cows, 17.6 
lbs TDN) \ moreover, the values of B, C, and D are inappreciably affected by omitting 
A (from 0.305 to 0.303 for 5; from 0.053 to 0.051 for C; from 2.1 to 2.18 for D). Further- 
more, the values of the statistical constants are very satisfactory for eq. (21.4). 

From equation (21.4a) it is clear that if the overhead maintenance cost is not in- 
cluded, 0.305 lb TDN , or 553 Cal (0.305 X 1814 = 553), are on the average used to pro- 
duce 1 lb, or 340 Cal, FCM. The ratio of 340, the Cal in 1 Ib FCM, to 553, the Cal in 
the TDN required to produce 1 lb FCM , that is, 0.61 or 61 per cent, is the net efficiency 
of milk production; it is the efficiency of converting TDN into milk, apart from the 
maintenance cost. 

Gaines*^*, employing a different approach, found that B = 0.305, e.xactly the same 
value as found by us. For maintenance, however, he found the second term of our 
equation (21.4a) to be not 0.05 as we found, but 0.129 W “which two equations 
give the same results . . . when W = 937, and do not differ by more than 8 per cent at 
other values of IF from 600 to 1800 lbs.” “Furthermore, there is little choice between 
n = 0.60 and n = 0.73; while n = 0.73 is distinctly indicated in preference to n = 1.00. 
The lumped data, therefore, support the validity of Brody and Procter's working ex- 
ponent 0.73 in preference to Haecker^s exponent 1.00, or Morrison ^s exponent 0.87. 


In the original report (Univ. Mo. Agr. Exp. Sta. Res. 
made to evaluate the exponent n in the equation 


tempt was 


TDN” = B(FCM)^ 

in which TDN” is total TDN consumed, less TDN used for maintenance (CW "^^) and 
for weight gain (Z)AlF). The numerical value of n ranged from 1.5 for low-producing 
groups of cows to 0.34 for high-producing groups of cows. The interested reader is 
referred to this bulletin, and more especially to Gaines, W. L.. J. Dairy Scx.^ 20, 583 
(1937). 

Gaines, W. L., J. Dairy Sci., 20, 583 (1937), and 21, 645 (1938). 
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When we examine the similar data for various subgroups, great confusion develops/* 
This confusion led Gaines to an examination of the maintenance feeding standards 
shown in Fig. 15.3, to suggest that “perhaps some factor not closely associated with 
live weight plays a prominent part” and to decide that for the present both, FCM 
production and maintenance TON consumption, should be related to simple body 
weight, W, rather than to a fractional power, n, of body weiglit. lie suggested using 
the Haecker milk-production feeding standard modified to TON = 0.3FCM + 0.008 IF, 
in which FCM is 4 per cent milk and IF live weight, all in pounds, as contrasted to the 
present author’s feeding standard TON = 0.305FC;U + 0.053 IF ’3. There is obviously 
no appreciable difference between the two for average-sized cows (about 1000 lbs). 
The differences concern only extremely small and extremely large cows and only as 
they relate to maintenance, not to milk production. 

The values in equation (21.4a) may be used for computing the net efficiency of milk 
production. 

The net efficiency term may be isolated from the gross-efficiency equation. 


Gross efficiency 


340 X FCM (lbs) 
1814 X TON (lbs) 


(21.3a) 


by remembering that the denominator includes; (1) TDN expense of maintenance, 
represented in eq. (21.4a) by 0.053 IF®-^*; and (2) weight gain, represented in eq. (21.4a) 
by 2.1AIF. On substituting (1) and (2) from eq. (21.4a), we obtain: 


Gross efficiency = 


340FCil/ 

1814 (0.305FCM 0.053lF<’-73 + 2.1AIF) 

340FCM 

55ZFCM + OG.llF^^’^ + 3700AIF 


Dividing the numerator and denominator by 553 (the TDN calories required to pro- 
duce 1 lb FCM) presents net efficiency, 0.61, as a separate term in the gross efficiency 
equation 

Gross efficiency = 0.61 


FCM -b 0.173IF<>’3 4. 6.64ATF 


which is similar to Gaines’ ‘‘coefficient of efficiency ”,^39 


C. E. = 52.6 


FCM 


FCM + 8.47 IF 

The net-efficiency equation 

Net efficiency 

of milk production TDN calories consumed less maintenance 


milk calories produced 


( 21 . 2 ) 


may also be written by substituting the values of eq. (21.4a) into it, as follows: 

340FCil/ ___ 

Net efficiency - _ (o.OoSlF"” + 2.1^^)) 

The 61 per cent net-efficiency level is, of course, only a statistical average, for the 
given conditions, computed by the given method, and not applicable to an individual 
cow. 

The detailed method of solving the partition equation (21.4) is shown in the appendix 
to this chapter. The numerical data for the individual cows are also listed in the ap- 
pendix (Table 21.7). 


Gaines, W. L., Science, 67, 353 (1928). 
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Summarizing, this section presents a statistical method for partitioning the TDN 
consumed between maintenance, milk production and body weight gain, and computing 
therefrom net efficiency of milk production with respect to TDN consumption. It must 
be emphasized that the numerical value of the net efficiency would be much less if it 
were computed with respect to the gross energy of the feed; and much higher if it were 
computed with respect to metabolizable energy, and still higher — perhaps 90 or 95 per 
cent as found by Graham (previously discussed) — if it were computed with respect to 
net energy or to the milk-precursor energy entering the mammary gland. 

It is evident that the gross energetic efficiency of milk secretion, which 
carries the burden of the maintenance cost of the cow, can never be as great 
as the net efficiency, which is not thus burdened with maintenance taxes. As 
production increases, the maintenance tax per unit milk produced becomes 
less and less; therefore, the gross efficiency approaches nearer and nearer to 
the net efficiency level, but at decreasing incremeniSy in accordance with the 
law of diminishing returns. The relation between gross efficiency^ and milk 
production (FCM) level is shown in Fig. 1.2 (Ch. 1). Since the net effi- 
ciency of milk production is of the order of GO per cent, the gross efficiency^ 
can never reach GO per cent, but it may approach 50 per cent. This checks 
with the estimated gross efficiency for the 700-lb Jerseys champion cow Stone- 
hurst Patrician’s Lily, previously cited. 

21.7: Summary. This chapter discusses the following problems. 

(1) The dairy’' industiy and its place in the national, especially' agricultural, 
economy'. Dairy husbandry is the largest branch of agriculture from the 
viewpoint of return to the farmer and number of persons employed. 

(2) The unique composition of milk, most conspicuously its lactose, casein, 
short-chain fatty acids, minerals, especially calcium and vitamins. The 
composition of milk is loosely related to the percentage growth rate or matura- 
tion rate of the body^ 

(3) The unique composition of milk is associated with its unique nutritional 
properties. Milk was evolved especially for the nutrition of young mammals 
and has a matchless combination of protein of high biologic value, of calcium, 
phosphoiias and vitamins. It is poor, how'ever, in iron, copper, manganese, 
and apparently magnesium. Milk happens to supplement almost perfectly 
wffiole-cereal diets for adult humans. Almost ^ of the dietaiy energy con- 
sumed in this countiy in “adequate” and “liberal” diets comes from milk. 
The skimmilk-butter-margarine problem is discussed in some detail. 

(4) From the view^point of relative energetic economy of meat, egg, and 
milk production, the gross efficiency of early growth and of average milk pro- 
duction is of the same order. As, how'ever, the animal increases in size, 
its efficiency for meat production decreases rapidly' because of the mounting 
maintenance cost in comparison to the grow'th increments. Moreover, much 
of the animal body is inedible, whereas all of milk is edible. Furthermore, 
with the exception of some visceral organs, as liver and kidney', milk has unique 
supplementary properties not found in meat. Finally, the possibility of in- 
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creui^ing the energetic eilieieney o( milk production (by impro\ed breeding 
methods) is gieutei thun tor meat pin duction. In gonoral, the gross cticrgciic 
efficiency ot milk production tends to be about twice tliat of egg production 
and about five-fold that of meat production (C'h. 3). 

(5) Physico-chemical considerations of milk production indicate complex 
interdependence between osmotic and enzymatic factors and between the 
protein, fat, lactose, and water constituents. Milk sugar is produced not 
only from blood sugar, but also from blood lactic acid and from amino acids. 
Milk fat is ilenved mostly from blood fat, and milk pi'otein from blood pro- 
tein and amino acids. 

(6) It is shown that there is a considerable heat increment of lactation. 
It is not possible to measure the basal metabolism of lactation because the 
post-absorptive condition requisite for basal metabolism depresses the milk 
flow so that lactation is no longer normal. 

(7) It is shown that good experiment-station dairy cattle (for example, 
1100-lb cows producing about 35 lbs FCM per day and consuming 21 IbTDN 
per day) produce milk at a gross energetic efficiency near 33 per cent with 
respect to TDN consumed, that is, about one-third of the TDN fed a good 
cow Is recovered in the milk. By proper breeding, the gross efficiency may 
be increased to a maximum near 50 per cent. The net efliciency of milk pro- 
duction (not counting the maintenance cost) with respect to TDN consump- 
tion is shown to be of the order of 00 per cent. 

(8) The gross energetic efficiency of milk production is apparently inde- 
pendent of live weight as such. It is true that the ratio of milk-energy yield 
to bod}” weight is greater in small animals, such as 120-lb goats, than in large 
animals such as 1200-lb cows; but the ratio maintenance-energy cost to body 
weight is likewise greater for the 120-lb goat than for the 1200-lb cow, with 
the net result that the extra maintenance cost counterbalances the extra milk 
yield and the gross efficiency is unaffected by body size. 

(9) The appendix indicates the method for fitting the “p^idition equation,'" 
partitioning the food consumption between maintenance, milk production, 
and body gain; and |)re.sents numerical data on milk production, feed con- 
sumption, body weight, and related items. 


Appendix: Estimating the amounts of consumed TDN used for FCM production, 
maintenance, and weignt gain (solution of eq. (21.4a)). Tlie partition of the con- 
sumed TDN between its uses for each, FCM, maintenance (If’-'^^), and weight gain 
(Air), may be carried out graphically, or algebraically by the method of least squares. 

The graphic method consists in plotting TDN successively against each of the inde- 
pendent variables, namely FCM, and All'; correcting observed TDN values for 

the influence of one variable by approximating TDN co.st per unit of that variable; 
subtracting computed TDN required for the oi»e variable from the oljserved TDN for 
each datum; correlating corrected TDN with another variable and determining a sec- 
ond correction. These first approximations of the |>arameters are improved by succes- 
sively re|)eating this process of approximation until the sum of t he squares of the 
differences between observed and computed 7’DA is minimum. 
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The least-squares method eliminates the laborious successive approximations. The 
solution of the partition equation 

TDN - B(FCM) -f- + DAW (21.4) 

by the least-squares method involves substituting in three “normal equations” simul- 
taneously, and weighting the trends of TDN with FCMy IF, and AlF so as to give at once 
a minimum value for the sum of the squares of the differences. 

An obvious objection to equation (21.4) is that it was formulated on the assumption 
that the milk secretion, maintenance, and weight-gain factors are independent. This 
is by no means certain. Moreover, since the coefficients in the equation are computed 
by the method of least squares, it is clear that if the value of one coefficient is too high 
due to some experimental or biological situation, the values of the other coefficients 
will be influenced thereby. Each of the terms represented in equation (21.4) has its 
separate set of experimental errors and biological variations. When combined into 
one interrelated system, each of these terms influences the value of every other term. 
There consequently results a very complex system of interinfluencing relationship, 

A large population compensates and smoothes out individual experimental errors 
and biological variations so that dependable average values for the equation constants 
Bj C, and D result. But if a small population is combined with large errors and varia- 
tions, the equation constants are no longer dependable, and are often absurd, as il- 
lustrated by the following numerical examples. 

The aforementioned three “normal equations” for equation (21.4) are: 

2:(TDN){FCM) = BZ{FCM)^ + CS(FCA/)(1F®-”) + DXiFCM)(AW) 
X(TDN){W^ ^^) = BZ{FCM){W^''^^) -f- CS(fF® ”)2 + Z>S(fFo-”)(AlF) 
Z{TDN}{AW) == BZ{FCM){AW) -|- CZ{W^ -^^){AW) + DX(AW)^ 

Taking, by way of illustration, the data for the 15 World’s Fair Holsteins listed in 
Table 21.6, we obtain the following summations: 

ZiTDiV) (FCM) = 19525.1508 SCTOV) (A W) =» 593.90690 

X(TDN) (WO «) = 74486.866 2:(Wo.JJ)* = 522017.86 

^(TDN){S\y) = 327.95458 S(W0-7« (A W) = 2303.8917 

Z(FCM)^ = 36129.7151 2;(A »V’)* = 11.251476 

2(FCA/) (WO ’») = 136482.688 X{TDN)* * 10642.4553 


Substituting in the “normal equations” we have: 


1952.1508 = B 36129.7151 
74486.866 = B 136482.688 

327.95458 = B 593.90690 


C 136482.688 + D 593.90690 
C 522017.86 + D 2303.8917 

C 2303.8917 4- D 11.251476 


Solving these equations we obtain B = 0.11642, C = 0.11146, and D — 0.18040, t.c., 
TDN = 0.116 FCM -|- O.lllF®*^^ + 0.180AIF. Illustrating the solution by Doolittle's 
method'®® we have: 


Line Reciprocals 

B 

C 

D 

— 

I 

36129.7151 

136482.68$ 

593.90690 

-19525.1508 

II 

522017.86 

2303.8917 

-74486.866 

III 



11.251476 

-327.95458 


Sum 

153681.15920 

586317.5737 

2581.095496 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


36129.7151 

136482.688 

593.90690 

-19525.1508 

153581.15920 

-.0000276780483 -1.00000000 

-3.77757443 -.016438184 

.5404018067 

-4.253594542 

522017.86 

2303.8917 

-744S6.866 

586317.5737 


-515573.51 

-2243.5275 

73757.710 

-580542.0166 


444.35 

60.3642 

-729.156 

5775.5571 

-0.000155174587 

-1.0000000 

-.009366996 

.113146554 - 

•896220265 


11.251476 

-327.95458 

2581.095496 



-9.762751 

320.95802 

-2526.239169 



-.565431 

6.83000 

-54.099620 



.923294 

-.16656 

.756707 

-1.08307862 


-1. 0000000 

.180397576 

-.819573 

D = . 

.180397576 

• 



C = . 

111456771 




B = . 

.116416411 




1®® See Ezekiel, M., “Method of correlation analysis,” New York, 1930, Ch. 12. See 
also, Mills, F. C., “Statistical methods applied to economics and business,” New York, 
1924, p. 577. 
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The standard error of estimate for equation (21.4a) is 

=, - B{.TDN){FCM) - C2:(mV)(lP») - D^L{TDN)(^W) 


where N is the “degree of freeciom.” The “degrees of freedom” is tl>e number of data 
points less the number of arbitrary constants in the equation fitted; thus N = 
15 - 3 = 12. 

Substituting: 

_ 10&42.4553 - (.11642 X 19525.1508) - (.11146 X 74486.866) - (.18040 X 327.95458) 

JO 

_ 10642.4553 - 2273.1181 - 8302.3061 -59.1630 7.8681 

^ 12 “ 12 

S? « 0.655675 

St « 0.810 


The standard error of estimate, Sr = 0.81, means that two-thirds of the time the 
TDN computed from this equation will agree with the observed TDN consumption 
within =fc 0.81 lb. 

This small value of Sr leads one to think that the numerical values of C, and D 
are significant and reliable. As a matter of fact these values are so far out of line that 
they must be considered meaningless. Thus the maintenance of a 1000-lb cow is, ac- 
cording to this equation, 0.1115 X 1000 '^ = 17 lbs, which is over twice the Morrison 
allow'ance of 7.9, lbs, and therefore absurd. The net efficiency is, according to this 


equation, 


340 X 100 
.1164 X 1814 


164 per cent, which is of course impossible. In other words, 


of the available TDN ^ far too much is apportioned by this equation to maintenance, 
and far too little for milk production (and for weight gain). 

Does this mean that equation (21.4) is wrong? Not necessarily. It means that the 
number of animals in the population is too small in comparison to the variability. The 
data points are too irregular and too few to give the equation a lead, so to speak, to 
the real situation. The three sets of guide posts involved in showing the road (TDN 
trends for FCM production, maintenance, weight gain) are so few, and distributed so 
erratically, that they are blurred and therefore useless as guides for reaching the de- 
sired goal. 

It is not the fewness of the data that is alone responsible for the erratic results, as 
the combination of fewness, limited range, and erratic distribution of data. The er- 
ratic distribution of the data is probably due to their experimental errors. Better 
(even if fewer) data give better results. Thus equation (21.4) fitted to only 10 of the 
Pennsylvania Animal Nutrition Institute (Forbes) data gave entirely satisfactory 
results. In this case the value of C for equation (21 .4) was found to be 0.053, so that the 
maintenance for a 1000-lb cow is 8.2 lbs (which is the average of the value found for 
the 243 Experiment Station cows (Fig. 21.14a); the value of B was found to be 0.292, in- 
dicating net efficiency of 64 per cent (in comparison to 61 per cent found for the 243 
experiment Station cows). This brings us back to the statement that reliability of the 
equation parameters is conditioned on accuracy of the data. To summarize, equation 
21.4 gives dependable average values separately, for FCM production, maintenance, 
weight-gain but only provided that the population is reasonably large and the data 
are reliable. 
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Table 21.1. Comparison of THt National Research Council (1943) Nutritional- 

Need Standard for a 70-Kg Moderately Active Man with the 
Nutrients Supplied by One Quart of Raw Milk. 


Nutrients 

Average daily 
requirement for a 
TO-Kg, (154-lb) 
adult 

1 

Amount in one 
quart milk 

Approximate 
portion of the daily 
requirement sup- 
plied by one 
quart raw milk 

Protein (gm) i 

70 

34 


Calories 

3000 

675 


Calcium (gm) 

0.8 

1.16 

n 

Phosphorus (gm) 

1.3 

0.91 

3 

5 

Iron (mg) 

12 

1.94 

i- 

t 

Vitamin A^- (I.U.) 

50C0 

1900 

1 

Vitamin (I.U.) 

400 

25 

A 

Ascorbic acid^^ (mg) 

75 

19.4 

1 

4 

Thiamine (mg) 

1.8 

0.28 


Nicotinic acid (mg) 

1 18 

1.1 


Riboflavin (mg) 

! 2.7 

1.7 

! 


The Calories in milk are divided equally between fat and non-fat fractions: 


Constituent 

Grams/quart 

Calorie! 

Fat 

37 

333 

Lactose 

49 

196 

Protein 

34 

136 


332 


Table 21.2 Fatty Acid Composition of Fat in Milk and Beef Plasma. 


Saturated acids 

Carbons 

milk 

Percentage by weight in: 

beef plasma 

Butyric 

4 

3.7 


Caproic 

6 

2.0 


Caprylic 

8 

1.0 


Capric 

10 

2.6 


Laurie 

12 

1.7 


Myristic 

14 

8.3 

0.4 

Palmitic 

16 

25.4 

24.5 

Stearic 

18 

10.7 

12.3 

Arachidic 

20 

0.4 

0.8 

Unsaturated acids 


1 


Deconoic 

10 

0.2 


Tetradeccnoic 

14 

1.2 


Hexadecenoic 

16 

5.0 

2.5 (Palmitoleic) 

Oleic 

18 

I 32.4 

17.4 

Octadecenoic 

18 

4.0 I 


C 20 to 22 unsat. 

20-22 

0.4 

1.3 (Arachidenic) 

Linoleic 

i 

1 


36.5 

Linolenic 

1 

1 

4.2 








Table 21.3 Composition of Milk of Different Species and Growth Rate, 


(After Abderhuldeii, modified, enlarged witii averaged data from various sources 

and percentage-distribution sections added.) 


Species , 

1 

Growth 
rate (days 
for dou- 
bling body 
weighti 

Cow 

70 (47) 

Goat 

22 

Man 

180 

Horse 

60 

Ass 


Camel 


Sheep 

35 (15) 

Reindeer 


Pig 

14 

Dog 

9 

Cat 


Rabbit 

C 

Rat 

6 

Guinea pig 

m 

4 

Elephant 


Whale 


Porpoise 


Dolphin 


Monkey 


Water buITalo 


Australian anteatcr 


Pigeon crop “milk” 

<> 


Constituents as percentages 
of whole milk 


1 

Fat 

1 

1 

Protein 

Lactose 

Ash 

: Water 

Total 

solids 

4.4 

3.8 

4.9 

0.7 

86.2 

13.8 

4.1 

3.7 

4.2 


87.1 

12.9 

3.8 

1.6 

7.0 

0.2 

87.4 

12.6 

1.6 

2.7 

6.1 

0.5 

89.0 

11.0 

1.5 

2.1 

6.4 

0.3 

S9.7 

10.3 

6.4 

3.0 

3.3 

0.7 

87.6 

12.4 

6.2 

6.4 

4.3 

0.9 

82.9 

17.1 

22.5 

10.3 

2.5 

: 1.4 

63.3 

36,7 

7 

6 

4 

i 0.9 

83 

17 

8.5 

7.5 

3.7 

1 1.2 

79 

21 

5 

7 

5 

0.6 

82 

18 

16 

14 

2 

2.2 

65 

35 

15 

12 

3 

2.0 

70 

30 

m 

! 

6 

2 

1 

85 

15 

16 

! 4.9 

3.4 

0.8 

73 

27 

44 (22) 

1 7 (12) 

1.8 

0.5 

49 

51 

49 

i 11 

1.3 

0.6 

3$ 

02 

16 

10 

6 


70 

30 

3.9 

2.1 

6 

0.3 

87.7 

12.3 

12 

6 

4 

1 0.9 

77.1 

22.9 

20 

11 

3 

0.8 

63 

37 

8 

! 13 

0 

1.5 

1 

77 

23 


1 

1 




ICaloric v 

alues 


Constituents 


of constit- 


percentages of 
milk solids 

uents as per- 
centages of 
caloric values 

Fuel 





of milk 

value 








Cal/ 








gm 


c 




c 

9^ 




o 




O 


W 

jpA 

2 


JZ 

W 

o 

u 


u. 


w 

Vf 

< 

u. 

hm 



32 

27 

36 

6.1 

53 

20 

26 1 

.75’ 

32 

29 

33 

6.2, 

54 

22 

24 

.75* 

30 

13 

56 

1.6 

50 

9 

41 

.68 

15 

25 

56 

4.6 

29 

22 

49 

15 

20 

62 

2.9 

28 

18 

54 


44 

24 

27 

5.6 

66 

16 

18 


37 

32 

26 

5.4 

59 

23 

18 

.98 

Cl 

28 

1 7 

3.8 

; 80 

16 

4 

2.4 

39 

34 

; 22 

5.0 

64 

24 

12 

41 

36 

1 18 

5.7 

63 

25 

12 


28 

40 

28 

3.4 

48 

30 

22 


47 

41 

6 

6.4 

69 

27 

4 


47 

38 

9 

6.2 

69 

25 

6 


50 

36 

13 


69 

22 

9 


62 

20 

14 

3.3 

80 

12 

8 


83 

13 

3 

0.9 

92 

6 

! 2 


79 

18 

2 

1.0 

90 

9 

1 


48 

32 

19 


68 

20 

12 


32 

17 

49 

2.4 

70 

18 

5 


52 

26 

18 

3.9 

73 

16 

11 


57 

32 

9 

2.3 

76 

19 

5 


36 

i 58 

1 

0 

0.7 

42 

58 

0 



•The combustion value of goat’s milk containing 4% fat is the same as for cow’s milk containing 
4% fat, namely, about 340 Cal/lb, or 0.75 Cal/gm. 


Table 21.4. Time Changes in Composition of Colostrum Milk after the 

First Parturition, Average of Two Cows.’^ 


Time after 

1 

1 




% of first milking 





calving 

Total 

solids 

Protein 

1 

1 

.. 1 

Fat 

Lactose 

Ash 

Ca 

Mg 

K 

Na 

1 

P 

Cl 

(hrs) 

0 

100 

1 

100 

100 

100 

100 1 

100 

100 

100 

1 

100 

100 

100 

6 

91 

72 

122 

103 

84 ! 

76 

74 


72 

70 

98 

12 

68 

41 

112 

107 

72 

64 

47 

■Ell 

80 

62 

92 

24 

52 

29 

70 

117 

66 

60 

36 

114 

75 

63 

91 

36-40 

52 

28 

60 

119 

70 

64 

36 

128 

66 

62 

81 

44-48 

48 

27 

54 

118 

69 

62 

38 

118 

70 

66 

82 

60-6 

52 

26 

60 

114 

66 

65 

40 

126 

83 

60 

! 83 

68-72 

52 

26 

68 

110 

67 

62 

38 

1 

120 

70 

59 

83 

10-11 days 

50 

22 

60 

138 

! 60 

54 

1 

31 

117 

54 

22 

56 


Time after 


Each as i)crccntage of all minerals 


Each as percentage of total solids 


calving 

1 

Ca 

Mg 

K 

Na 

P 

Cl 

Ash 

Protein 

Fat 

1 

Lactose 

(hrs) 

0 

28 

4 

IG 

10 

26 

15 

1 

5 

54 

1 

26 

14 

6 

26 

3 

22 

8 

22 

18 

4 

44 

35 

17 

12 

24 

2 

22 

10 1 

23 

18 

6 

32 

39 

23 

24 

1 

23 

2 

25 

10 ; 

22 

18 

6 

39 

34 

31 

36-40 1 

24 

2 

28 

8 

23 

16 

6 

29 

29 

35 

44-48 

24 

2 

26 

9 

22 

16 

6 

30 

28 

35 

60-64 

24 

2 

26 

10 

20 

17 

6 

28 

34 

32 

68-72 

24 

2 

26 

9 

22 

16 

6 

' 28 

34 

32 

10-11 days^ 

26 

2 

32 

8 

24 

13 

6 

23 

31 

40 


847 

















Table 21.5. Data on the United States Dairy Industry. 


1 

Dairy cattle, 


1 Annual per capita consumption of dairy products, lbs 



million head 

.'Vnnual 







Cash farm 





milk 




Cheese 

(except 

pot, 

bakers, 

and 

cottage) 



iocome 

Year 

1 

1 

1 

Cows 

1 

Calves 

birth 

to 

1 >T. 

i 

produc- 

tion 

billion 

lbs. 

All dairy 
products 
equivalent 
to whole 
milk 

Fluid 

fresh 

milk 

Butter 

Ice 

Cream 

Evapo- 

rate 

whole 

milk 

from dairy 
products 
million 

l/yr. 


23.0 i 

5.2 1 

4.9 


818 

1 - 

353 

IB 

4.6 


11.3 


1936 

25.2 

5.5 

5.0 


797 

338 


5.4 


14.1 

1387 


25.0 

6.0 

5.5 

112 

825 

347 

lEil 

6.0 

12 

17.5 

1517 

1941 

25.5 

6.2 

5.7 

118 

1 

814 

347 

16.4 

6.0 

15 

18.5 

1897 


Table 21.6 Summary of the Data in Table 21.7 Discussed in Section 21.6. 


1 

Data 

1 

1 

Factual 

Speculative (i. e., computed 
on the basis of debatable 
assumptions.) 

No. 

of 

Cows 

Av. 

Live 

\Vt., 

Lbs. 

Av. 

Daily 

Live 

\Vt. 

Gains, 

Lbs./ 

Day 

Av. 

Daily 

FCM 

Produc- 

tion, 

Lbs./ 

Day 

Av. 

Dailv 

tdn 

con- 

sump- 

tion, 

Lbs./ 

Day 

Av. 

Ob- 

served 

Gross 

Eflic., 

% 

Com- 

puted 

Net 

EflSc. 

(from 

equa- 

tion), 

% 

Constants of Equation 
TDN = B(FCM) -H 
CM®’» + dam 

B 

C 

D 

Sr 

Experiment Sta. (Res. 












Bull. 222) 

243 

1087 

0.117 

28.26 

17.64 

30.1 

62.2 

0.305 

0.053 

2.13 

1.02 

La, -Purchase Exposi- 




1 




1 




tion: 








1 




All breeds 

73 

1161 


40.97 

23.90 

31.8 

51.5 

0.367 

0.046 

1.16 

1.44 

Brown Swiss 

5 

1208 

BSSm 

41.49 

27.78 

28.0 

42.8* 

0.274 

0.087 

-0.319 


Holstein 

15 

1290 

ff^l 

48.81 

26.63 

34.3 

53.6* 

0.116 

O.lll 

0.180 


Jersey 

25 

948 

0.599 

45.59 

25.09 

33.6 

48.7* 

0.217 

0.098 

0.772 


Shorthorns 

i 28 

1252 

0.920 

32.50 

' 20.69 

29.6 

54.3* 

0.205 

0.066 



Class A 

45 

1104 

0.682 

46.21 

25.90 

33.2 

49.7* 

0.263 

0.083 

-0.276 


Class B 

65 

1158 

0.736 

41.93 

24.16 

32.3 

53.2* 

0.373 


0.510 


Cla.ss C 

34 

1280 

0.859 

1 35.69 

22.60 

29.6 

51.9* 

0.347 


1.15 


111. Testing Plant 




1 








Holsteins 

42 

1322 

0 058 

51.15 

27.83 

34.3 

82.4 

0.229 


0.338 

1.84 

Forbes’ Pa. Holsteins 

10 

1131 

0.215 

36.20 

19.75 

34.4 

64.5 

0.292 


1.52 

0.76 

All of above 

368 

1130 

0.243 

33.64 

19.96 

31.0 

53.6 



1.88 

1.43 


Milk (FCM) Production and Ratios 





Absolute FCM 
Production/ 
day 

Ratios of FCM Calories 
produced to: 

Observed 
Absolute TDN 
Consumption 

Data 

No. 

of 

Cows 

Live 

Weight, 

Pounds 

1 

Pounds 

Calories 

Com- 

puted 

Basal 

Metab- 

olism, 

Calorics 

Ob- 

served 

Total 

Con- 

sumed 

TDN 

Com- 
puted 
TDN 
Cals, for 
FCM 
Prod. 
Only 

Com- 

puted 

Mainte- 

nance, 

Calories 

Pounds 

Calories 

Experiment Station 

243 

1087 

28.26 

960$ 

1.48 

0.30 

0.61 

0.61 

17.64 

32000 

Exposition i 



1 

1 








All Breeds 

73 

1161 

40.97 

13930 

2.05 

0.32 

0.52 

0.97 

23.90 

43355 

Brown Swiss 

5 

1208 

41.49 

14107 

1.87 

0.28 

0.43 

0.88 

27.78 

50393 

Holsteins 

15 

1290 

48.81 

16595 

2.25 

0.34 

0.54 

1.07 

26.63 

48307 

Jerseys 

25 

948 

45.59 

15501 

2.64 

0.34 

0.49 

1.24 

25.09 

45513 

Shorthorns 

28 

1252 

32.56 

i 11070 

1.54 

0.29 

0.54 

0.92 

20.69 

37532 

Class A 

45 

1104 

46.21 

15711 

2.40 

0.33 

0.50 

1.13 

25.90 

46983 

class B 

65 

i 1158 

41.93 

14256 

2.10 

0.32 

0.53 

0.99 

24.16 

43826 

Class C 

34 

1280 

35.69 

12135 

1.66 

0.30 

0.52 

0.78 

22.60 

41000 

Illinois Testing Plant 











Holsteins 

42 

1322 

51.15 

17391 

2.32 

0.34 

0.82 

0.60 

27.83 

50483 

Forbes' Pa. Holsteins 

10 

1131 

36.20 

12308 

1.84 

0.35 

0.64 

0.75 

19.75 

35736 

Ave. of all groups 

368 

1130 

33-64 

1143$ 

1.71 

0.32 

0.54 

0.80 

19.96 

36207 

Column number 


Cl 

C2 

C3 

C4 

C5 

C6 

C7 

C8 

CO 


C 3 C 3 3 3 

Footnotes: Column 2, observed; C.3 = C.2 X (340); C.4 = C.5 ® ^ — jgl 8 =, obaerved; 

9 = 8X(1814);I0 = ^; 11 = = 13 = 22 X 2; 14 = 13 X (1814); 15 = 23 X v-alues of weight M, given 

in Col. 1; 16 = 15 X (1814); 17 = ^; 18 = 19 = computed from. Basal metabolism (Cal) = 39.5M*-^ where M 

o o • 


16 

is live weight in pounds given in Col. 1; 20 21 


14 

19' 


848 































MILK: NUTIilTlOXAL, SOCIAL, PHYSIOLOGICAL ASPKCTS 


8U) 


Tablk 21. C. Continued 


1 

1 

Diita 


Feed (TI)\M Consumption, and Ratii 

os 


Computed Ra<al 
Met. an»l Ratios 

Kcjuation 

Constants 

\ 

i 

Ratio of TON 
Calorics Con- 
sumed to 

Computed Daily TDN 
Consumption for 

('ompule«l 

P< rcenl.ii^e 
Distribution 
of Consumed 
TDN 
Hetween 

1 

1 — 

1 

i 

1 

Com- 

puleil 

Hasal 

Me- 

tabo- 

li>m, 

Cals., 

day 

1 

1 Ratio to 
! Computed 
Ra«al Mel. 
of ('omputed 
TDN. Cals. 

1 

Com- i 
I^tcd 

1 

Met.J 

Calo- 

ries 

1 Com- 

lOuted 

iNlain- 

te- 

nance, 

Calo- 

ries 

Ob- 

scrvetl 

KCM. 

Calo- 

ries 

Milk_ 

Production 

s 

.Mait)tc- 

n.'incc 

1 - . 

Pounds 

Calorics 

% 

1 Pounds 

1 

1 

Calories 

7. 

c 

4 

'P. 

\ 

Milk 

1 

MM 

f \ 

w 

Experiment Sta- 









\ 




[ 


tion 

Exposition 

4.9 

2.0 

3.3 

8.6 

15637 

8.7 

15s;i6 

48.9 

49.5 

6475 

2.4 

2.4 

0.305 

0.053 

All lirecds . 

f>.4 

3.0 

3.1 

15.0 

27264 

7.9 

14403 

62.0 

33.2 

6806 

2.1 

4.0 

ft 'iFii 

ft ftjr» 

Brown Swiss , , 

6.7 

3.2 

3.6 

15.2 

27627 

S.S 

15927 

54.8 

31.6 

7527 

2.1 

3 7 

V . OU 1 


Holstcins 

6.6 

3.1 

2.9 

17.9 

324S9 

8.6 

15.582 

07.3 ; 

32.3 

7363 

2.1 

I 4 4 

1 


Jerseys 

7.7 

3.7 

2.9 i 

16.7 

30348 

6.9 , 

12444 

66.7 1 

27.3 

' 5SS1 

2.1 

5 2 



Shorthorns 

5.2 

2.5 

3.4 

12.0 

21677 

8.4 

152,56 

57.8 

: 40.7 

7204 

2. 1 

3 0 



Class A 

7.2 

3.4 

3.0 

17.0 

30765 

m 

I . / 

13S77 

65.5 

29.5 

6558 

2.1 i 

4.7 

1 


Class B ! 

6.5 

3.0 

3.1 

15.4 

27917 

7.9 

14385 

03.7 

32. S 

(>792 

2.1 1 

4. 1 



Class C 

5.6 

2.7 

3.4 

13.1 

23763 

8.5 

15492 

58.0 

37.8 

7321 

2. 1 

3 2 



Illinois Testing 







1 








Plant Hol- 





1 










steins 

6.8 

1.8 

3.0 

11.7 

21242 

15.9 

2SS6I 

42.1 

57.2 

7484 

3.9 

2.8 

0 2‘>0 

0.084 

1 

Forbes’ Pa. Hol- 














steins 

5.3 

2.2 

2.9 

10. C 

19228 

9.0 

16326' 

53.7 

45 . 6 

669 1 

2.4 

2.9 

0.292 

0 053 

Ave. of all groups. 

5.4 

2.5 

3.2 

11.8 

21405 

7.9 

14331 

59.1 

39.6 

6687 

2.1 

3.2 

0 350 

0 047 

Column number.. 

CIO 

Cll 

C12 

C13 

C14 

CIS 

C16 

C17 

C18 

C19 

C20 

C21 

1 

C22 

C23 


Table 21.7. Individual Milk, Feed, and Body Weight Records of Cows 
Discussed in This Chapter and the Following Chapter.*®^ 


Aver- 

Feed 

Milk 

Live 

Gross 

Energetic 

ERk. 

Profit 
per year, 
dollars* 

age 

Live 

wt., 

lbs. 

TDN, 

lbs./ 

day 

FCM, 

Ib.s./ 

day 

wl. 

gain, 

lbs./ 

day 

Not 

cor- 

rected 

for 

wt. 

gain 

Cor- 

rected 

for 

wt. 

gain 

per 

cow 

per 

1000 

lbs. 

FCM 


^^Loxiisiana Purchase WorUVs Fair” Data 

Brown Swiss, 5 


1181 

24.0 

36.1 

.550 

28.3 1 

29.0 

132 

10.1 

1248 

28.3 

46.5 

.617 

30.8 i 

31.0 

184 

10.8 

1367 

29.2 

42.6 

.417 

27.4 

27.8 

151 

9.7 

1384 

27.2 

37.3 

1.225 

25.7 

27.1 

124 

9.1 

1467 

30.2 

44.9 

.567 

27.8 ' 

1 

28.5 

162 

9.9 

( 

Holsteins, 15 

1167 

25.8 

43.7 


31.7 

33.3 

178 

11.2 

1225 

25.5 

43.5 

.700 

32.0 

33.1 

178 

II. 2 


26.5 : 

48.8 

1.392 , 

34.5 

36.8 ' 

211 

11.8 


26.5 

45.8 

.750 

32.4 

33.5 ! 

189 

11.3 

1247 

27.5 

52.4 

.567 ; 

35.7 

36.6 

232 

12.4 

1252 

26.6 1 

50.1 

.842 1 

35.3 

36.7 

220 

12.0 


27.0 

49.5 ; 

.725 

34.3 ; 

35.4 

213 

11.8 

1283 

26.2 ; 

51.6 : 

.717 

37.1 

38.3 

235 

12.4 

mmrn 

26.0 

45.5 

.975 

32.8 

34.3 

190 

11.4 


27.6 

62.4 

.450 

42.5 

43.3 

305 

1 13.4 

1327 

26.8 

48.6 

.967 

34.1 

35.6 

208 

: 11.8 

■ml 

27.1 

55.1 

.767 

38.1 

39.4 

254 

12.6 


27.0 ! 

45.7 


31.8 

32.2 

186 

11.2 

iMi 

20.2 

47.6 

. 992 

34.0 

35.6 

204 

11.7 

1438 

27.1 

1 

41.5 

1.225 

28.7 

30.4 

155 

10.2 


1 




Gross 

Profit 

Aver- 

age 

Live 

wt., 

lbs. 

Feed 

Milk 

Live 

wt. 

gain, 

Tbs./ 

day 

Energetic 

ElVic. 

per year, 
dollars* 

TDN, 

lbs./ 

day 

FCM. 

lbs./ 

day 

Not 

cor- 

rected 

for 

wl. 

gain 

Cor- 

rected 

for 

wt. 

gain 

per 

cow 

per 

1000 

lbs. 

FCM 


Jerseys, 25 


782 

23.8 

HI 

.458 

33.0 

33.8 

176 

11.5 

786 

22.6 


.758 

31.4 

37.0 

189 

12.1 

868 

23.9 


.842 

33.1 

34.6 

178 

11.5 

8h3 

25.1 

47.7 

.633 

34.2 

36.7 

211 

12.1 

8S4 

24.1 

43.3 

.358 

33.7 

34.3 

184 

11.7 

899 

26.1 

50.8 

.083 

36.5 

37.6 

228 1 

12.3 

002 

25.5 

50.5 

.425 

37.2 

37.9 

229 

12.4 

914 

25.7 

42.3 

.733 , 

30.9 

32.0 

16S 1 


914 

26.0 

47.5 

.292 

34.2 

34.6 

204 

11.8 

927 

23.0 

38.4 

.483 

31.3 

32.1 

154 


928 

24.3 

39.9 

.658 

30.8 

31.8 I 

158 

10.9 

930 

23.3 

41.3 

.425 

33.2 

34.0 ; 

174 

11.5 

936 

23.3 

41.1 

.558 

33.0 

34.0 

172 

11.5 

961 

24.6 

46.6 

.742 

35.5 

36.8 

! 205 

12.1 

974 

24.5 

46.2 

.542 

35.3 

30.3 

203 


976 

26.5 

48.6 , 

.525 

34.4 

35.3 

210 

11.8 

984 

25.4 

' 47.8 

.617 

35.3 

36.4 

210 


990 i 

25.6 


.675 

! 34.7 

35.8 

200 

11.9 

1 

1002 

25.8 

47.6 

.608 

34.6 

35.5 

206 

11.9 

1036 

26.5 

50.6 

.5S3 

35.7 

30.7 

224 

12.1 

10.36 

27.5 

54 . 2 

.642 

37.0 

1 38.0 

245 

12.4 

1046 

25.3 

39.9 

.708 

29.6 

! 30.6 

153 


1047 

25.9 

45.8 

.533 

33.2 

1 34.0 

193 

11.5 

1050 

26.0 

50.6 

.642 

36.5 

37.0 

227 

12.3 

1090 

27.3 

44.8 

.850 

30.8 

32.0 

178 



For the detailed sources and analyses of these data, see Univ. Mo. Agr. Exp. Sta. 
lies. Bulls. 222, 1935, 238 and 239, 1936. 
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Table 21,7. Continued. 


Aver- 

age 

Live 

\vt., 

lbs. 

Feed ■ 
TON, 

lbs./ j 
day 

Milk 

FCxM. 

lbs./ 

day 

Live 

wt. 

pain, 

lbs./ 

day 

1 

Gross 

Energetic 

Eftic. 

Profit 
per year, 
dollars* 

Not 

cor- 

rected 

for 

wt. 

gain 

Cor- 

rected 

for 

wt. 

gain 

per 

cow 

per 

1000 

lbs. 

FCM 

Shorthorns, 28 

1014 

19.9 

33.6 

.775 

31.7 

33.2 

KB 


1093 

16.1 

21.1 

1.167 

24.5 

, 26.8 


8.6 

1094 

18.9 

38.5 

.625 

38.4 

1 39.8 

178 

12.7 


21.3 

43.4 

1.158 

38.2 

! 40.9 

200 

12.7 

1146 

22.5 

32.4 

1.067 

; 27.0 

, 28.6 

113 

9.6 

1172 

19.6 

34.8 

1.092 

33.3 

35.7 

147 

11.6 

1184 

20.2 

37.5 

.725 

34.9 

36.4 

164 

11.9 


20.1 

35.4 

.942 

33.0 

35.0 

148 

11.6 


21.7 

33.5 

1.050 

28.9 

' 30.7 

126 

10.3 


19.2 

33.0 

1.067 

32.3 

34.6 

136 

11.3 

1214 

20.1 

24.0 

1.525 

22.4 

24.6 

65 

7.4 

1214 

20.6 

31.4 

.992 

28.5 

30.2 

116 

10.1 

1223 

17.6 

26.9 

.100 

2S.6 

28.8 

100 

10.1 

1226 

22.2 

32.5 

1.05S 

27.5 

29.1 

: 116 

9.8 


21.4 

32.6 

.950 

28.5 

30.0 

, 120 

10.1 


18.8 

27.9 

.667 

27.8 

: 29.0 

1 101 

9.9 


19.9 

33.7 

.383 

31.8 

32.6 

! 137 

11.1 

1297 

23.4 

31.6 

.917 

25.2 

26.5 

102 

8.8 


20.5 

33.0 

1.058 

30.2 

32.2 

129 

10.7 

1314 

20.9 

32.8 

.817 

29.4 

30.8 

125 

, 10.4 


18.7 

35.4 

.342 

35.5 

1 36.3 

156 

1 12.0 


20.9 

21.1 

1.950 

19.0 

21.4 

: 40 

5.1 

Bt^B 

23.9 

34.7 

1.192 

27.2 

' 28.9 

: 122 

! 9.7 

13S6 

20.8 

29.0 

.825 

26.0 

27.3 

! 97 

9.2 

1398 

25.6 

40.6 

.642 

29.7 

30.6 

156 

10.6 


22.8 

35.9 

.8.50 

29.4 

30.8 

137 

10.4 

Bl[£l 

20.6 

30.7 

.667 

27.9 

29.1 

111 

9.9 

1442 

21.3 

34.8 

1.158 

30.6 

32.8 

137 

10.8 


Dixon, Illinois, Testing Plant Holsteins, 

42 


889 

26.6 

43.6 

.370 

30.7 

30.8 

172 


952 

25.1 

43.7 

.192 

32.6 

32.7 

181 

11.3 

976 

25.9 

38.7 

-.110 

28.0 

28.0 

141 


1086 

23.2 

41.3 

' ,520 

33.4 

33.7 

175 

11.6 

1126 

26.4 

47.0 

.358 

33.3 

33.5 

198 

11.5 

1161 

1 27.7 

52.5 

.233 

35.5 

35.6 

231 


1194 

26.4 

42.7 

-.356 

30.3 

30.2 

167 


1108 

29.9 

67.2 

i .096 

42.1 

42.2 

327 

13.3 

1210 

28.6 

67.8 


44.4 

44.4 

338 


1211 

26.6 

43.0 


30.3 

30.3 

168 


1220 

30.0 

61.4 


38.4 

38.4 

284 

12.7 

1221 

27.3 

41.0 

.559 

28.1 

28.3 

150 


1229 

28.0 

53.5 

-.301 

35.9 

35.7 

237 

12.1 

1233 

29.4 

47.0 

-.301 

33.2 

33.3 

182 


1245 

28.1 

50.2 

-.068 

c3.4 

33.4 

212 

11.6 

1247 

27.1 

44.7 

.206 

30.9 

31.0 

178 

10.9 

1265 

28.3 

55.3 

.274 

30.6 

36.7 

249 

12.3 

1271 

29.0 

55.6 

.247 

36.0 

36.1 

247 

12.2 

1272 

28.8 

52.5 

-.333 

34.2 

34.1 

226 

11.8 

1291 

26.9 

53.8 


37.5 

37.3 

246 

12.5 

1297 

27.3 

50.9 


35.0 

35.1 

222 

12.0 

1312 

28.2 

43.9 

-.274 

29.2 

29.1 

166 


1330 

28.5 

53.2 


35.1 

35.1 

233 

12.0 

1331 

25.8 

45.6 

.315 

33.1 

33.2 

192 

11.5 

1340 

26.1 

53.4 

-1.041 

38.4 

37,8 

247 

12.7 

1347 

27.8 

59.9 

.109 

40.5 

40.5 

286 

13.1 

1350 

25.5 

41.9 

.247 

30.8 

30.9 

166 

10.8 

1354 

27,1 

54.2 

.055 

37.5 

37.5 

248 

I 12.5 

1358 

29.2 

56.8 

-.192 ' 

36.4 

36.4 

255 

12.3 

1360 

29.5 

56.8 

.041 , 

36.1 

36.1 

253 

12.2 

1425 

26.1 

42.6 

.137 

30.5 

30.6 

168 

10.8 

1448 

30.1 

56.7 

-.269 

35.2 

35.1 

248 

12.0 


-^ver- , 

1 

» 

Feed 

1 

1 

< 1 

Milk 

1 

Live 

k ■ 

Gross 

Enewtic 

Erne. 

Profit 
per year, 
dollars* 

age 
Live ! 
wt., 

lbs. 

TDN.i 

lbs./ 

day 

FCM, 

lbs./ 

day 

1 


Not 

cor- 

rected 

for 

wt. 

gain 

Cor- 

rected 

for 

wt. 

gain 

1 

i per 
cow 

per 

1000 

lbs. 

FCM 


Dixon, Illinois, Testing Plant Holsteins, 

42 cows — Continued 


1464 

27.6 

46.9 

.167 

31.8 

31.9 

191 

11.2 

1469 

30.8 

64.6 

-.110 

39.3 

39.3 

303 

12.8 

1514 

28.6 

57.3 

-.055 

37,5 

37.5 

261 

12.5 

1531 

23.8 

36.4 

.548 

28.7 

28,9 

136 


1538 

29.0 

53.0 

.055 

34.3 

34.3 

228 

11.8 

1566 

28.7 

56.3 

.205 

36.7 

36.8 

254 

12.4 

1609 

30.3 

50.3 

.208 

31.1 

31.1 

201 

11.0 

1660 

28.0 

40.0 

.192 

26.8 

26.8 

138 

9.4 

1683 , 

29.4 

61.4 

.137 

39.1 

39.2 

287 

12.8 

1748 

31.9 

58.4 

.274 

34.3 

34.4 

251 

11.8 

Pennsylvania (Forbes) Holsteins, 10 

867 

1 16.0 

32.5 

-.056 

38.0 

37.8 

149 

12.6 

1008 

16.6 

30.6 

.036 

1 34.7 

34.7 

132 

11.8 

1042 

20.0 

39.7 

.259 

37.3 

38.0 

i 181 

12.5 

1073 

18.9 

36.1 

.205 

35.8 

36.4 

160 

12.1 

1092 

19.8 

35.5 

-.056 

33.7 

33.5 

151 

11.6 

1102 

20.6 

34.6 

.652 

31.5 

33.0 

140 

11.1 

1198 

21.6 

39.4 

.580 

34.3 

35.7 

169 

11.8 

1207 

19.1 

34.9 

.154 

34.3 

34.6 

150 

11.8 

1308 

20.7 

33.6 

.542 

30.5 

31.7 

132 

10.8 

1408 

24.4 

' 45.1 

-.165 

34.7 

34.3 

195 

11.8 


Savage's Guernseys, 2 


846 

16.0 

■fil 

.200 

28.5 

29.3 

90 

10.1 

1072 

19.3 

mm 

.514 

31.8 

33.8 

134 

11.2 


Savage's Holsteins, 14 


985 

21.2 

35.8 

.695 

31.7 

34.0 

145 

11.1 

990 

21.2 

36.9 

.086 

32.6 

32.9 

153 

11.4 

1035 

20.9 

29.7 

.838 

26.6 

29.1 

102 

9.4 

1053 

22.9 

42.5 

.295 

34.0 

35.9 

185 

11.9 

1054 

20.2 

29.9 

.029 

27.8 

27.9 

108 , 

9.9 

1073 

20.8 

30.4 

.162 

27.3 

27.8 

108 

9.7 

1090 

22.7 

37.7 

.657 

31.1 

33.2 

151 


1150 

21.7 

38.5 

.638 

33.3 

35.5 

162 

11.5 

1175 

21.4 

1 32.4 

.581 

28.4 

30.1 

119 

10.1 

1179 

22.7 

37.5 

.019 

30.9 

31.0 

149 

10.9 

1184 

24.4 

40.6 

.209 

31.2 

31.8 

163 

11.0 

1230 

i 23.8 

40.2 

.410 

31.6 

32.8 

163 

11.1 

1253 

23.4 

38.2 

.752 

30.7 

29.4 

151 

10.8 

1341 

22.1 

30.1 

.438 

25.5 

26.6 

99 



Savage's Jerseys, 6 


812 

18.8 

34.7 

.009 

34.5 

34.6 

150 

11.9 

860 

17.0 

26.4 

.095 

29.2 

29.6 

101 

10.4 

865 

17.9 

34.4 

.248 

36.1 

35.1 

154 

12.3 

909 

17.6 

23.4 

.505 

25.0 

26.6 

75 

8.7 

925 

16.6 

24.7 

.571 

27.8 

30.0 

89 

9.9 

931 

19.7 

32.3 

.752 

30.7 

33.4 

128 

10.8 


Perkins’ Holsteins, 4 


12S8 

22.0 

28.6 

.336 

24.4 

25.2 

88 

8.5 

13.30 

22.0 

28.2 

.781 

24.0 

26.0 

85 

8.3 

1360 

18.3 

24.8 

.432 

25.3 

26.7 

80 

8.9 

1393 

21.4 

27.8 

,371 

24.4 

25.4 

1 

86 

8.5 
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Table 21.7 Continued. 


Aver- 

ase 

Live 

wt ., 

lbs. 


Feed 

Milk 

Live 

TDN, 

FCM, 

\N t . 

• 

lbs./ 

lbs./ ; 

gam, 

day : 

1 

day 

1 

1 

lbs./ 

day 


Gross 

Encrfjetic 

ElVic. 


Not 
cor- 
ret let! 
for 
wt . 
gain 


Cor- 

rected 

for 

wt. 

gain 


1 

Profit 

t 

1 


I 


per vear, 
dollars* 

« I 





.Aver- 

I'ecd ' 

Milk ' 

Live 

IKr 

cow 

per 1 

luoo 

11)5. 

FCM 

age 

Live 

wt., 

lbs. 

1 

TDN , 

lbs./ 

day 

1 

1 

1 

! FCM, 1 
lbs./ j 
<lay 1 

1 

wt. 

gain, 

lbs./ 

day 


(iross 

Energetic 

ElVic. 


Not 

cor- 

rected 

for 

wt. 

gain 


Cor- 
■ reeled 
for 
wt. 
gain 


Prolit 
per year, 
dollars* 


per 

cow 


r>fr 

1000 

11)5. 


Haecker’s Guernseys, IG 


765 

12.6 

16.6 

.190 

24.0 

25.4 

52 

S.O 

768 

13.8 

22.7 

.050 

30.7 

30.9 

90 

10.9 

782 

12.5 

21.9 

.102 

32.8 

, 33.4 

91 

11.4 

790 

13.8 

24.7 

.008 

27.6 

27.0 

84 

9.8 

801 

12.4 

22.7 

-.133 

34.3 

33.5 

98 

11.8 

840 

17.2 

29.8 

.029 

32.5 

33.7 

124 i 

11.4 

843 

13.5 

27.0 

-.240 

37.4 

36. 0 

123 

12.5 

855 

15.9 

23.4 


1 27.6 i 

27.6 

84 

9.8 

864 1 

17.9 

30.3 

-.109 

33 . G i 

33.1 

129 

11 . G 

887 

14.0 

29.7 

-.488 

39.8 

37.0 

140 

12.9 

909 

18.0 i 

32.8 

-.082 

34.2 

33.9 ! 

141 

11.8 

925 

15.1 

22.3 


27.7 

27.4 

80 

9 .S 

947 

15.3 ! 

20.1 1 

-.095 1 

24.7 

24.4 

03 

8.6 

996 

15.8 

21.1 

.103 i 

25.0 

25.4 

07 

S .7 

998 

20.5 

37.6 

-.191 

34.3 

33.7 

102 

11.8 

1019 

1 

17.4 

26.3 

.143 

28.4 

28.9 

97 

IC.l 


Haecker’s Holsteins, 27 


781 

15.1 

22.5 

.077 

27.9 

28. 2 

82 


817 

14.1 

22.7 

.095 

30.1 

30.5 

88 

10 . G 

844 

14.6 

29.6 

-.429 

38.0 

35.8 

130 

12.0 

872 

16.0 

17.3 

.165 

20.3 

20.7 

39 

6.2 

877 

17.4 

29.4 

-. 0 S 9 

31.7 

31 .4 

119 

11.1 

880 

16.9 

35.2 

.050 

30.1 

39.4 

104 

12.8 

887 

13.4 

30.2 

.278 

42.1 

40.3 

147 

13.4 

888 

14.8 

28.6 

-.230 

30.1 


127 

12.2 

890 

18.3 

37.8 

-.319 

38.7 

37.3 

170 

12.7 

906 

17.5 , 

32.2 

-.071 

35.5 1 

35.2 

139 

11.8 

619 

16.2 

27.8 

-.214 

32.1 

31.2 

114 

11.2 

923 

16.5 

31.4 

-.286 , 

35.8 

34.5 

139 

12.1 

975 

16.4 

23.5 

.191 1 

20.9 

27.6 

82 

9.0 

976 

18.8 

2^0 

.223 

20 . C 

27.2 

02 

1 9.4 

978 

19.2 

3 Z .3 

-.190 

31.6 


131 

11.1 

985 

19.9 

37.0 

-.120 

34.9 

34.4 

161 

11.9 

1086 

18.8 

27.7 

.143 

27.7 

28.1 

99 

9.8 

1095 

18.4 

29.8 


30.2 


117 

10.7 

1106 

15.1 

20.9 

.226 

25.9 

26.7 

70 

9.2 

1114 

19.7 

28.2 

.101 

20 8 

27.3 

98 

9.5 

1117 

18.6 

28.3 

.113 

28.4 

28.8 

104 

10.0 

1128 

18.4 

25.4 

.238 

25.9 


85 

9.2 

1137 

20.2 

24.7 

. 220 

22.9 

23.4 

70 

7.7 

1273 

18.2 

30.6 

-.137 

31.5 


124 

11.1 

1292 

19.7 

36.1 

.117 

34.4 

34.8 

156 

11.8 

1298 

20.1 

30.4 

.192 

28.4 


112 

10.8 

1315 

18 . C 

31.8 

.321 

32.0 

33.2 1 

130 

11.2 


Haeckcr’s Jerseys, 55 


034 

14.4 

28.5 

-.137 

30,9 

30.2 

129 

12.4 

683 

11.1 

18 . C 

-.053 

31.5 

31.2 

75 

11.0 

706 

14.7 

25.5 

-.280 

32.0 

31.3 

100 

11.4 

734 

12.5 

27.5 

-.010 

41.2 

41.4 

132 

13.2 

735 

12.6 

20.8 

-.034 

31.0 

31.2 

8.3 

10.9 

735 

14.6 

22.6 

.238 

28.9 

30.0 

85 

10.3 

752 

12.8 

21.8 

-.000 

31.8 

i 31.5 

89 

11.2 

762 

14.2 

22.8 

.006 

30.1 

1 30.1 

89 

10.7 

754 

13.8 

23.5 

-.027 

31.9 

; 31.8 

90 

li .2 

758 

15.1 

27.6 

-.114 

34.1 

! 33.0 

119 

11.8 

760 

11.8 

10.3 

.008 

20.0 

26.0 

55 

9.2 

778 

13.1 

31.6 

-.893 

45.2 

39.5 

159 

13.8 

782 

15.9 

28.8 

.137 

33.9 

34.6 

123 

11.7 

783 1 

12.5 

19.4 

-.080 

29.0 

28.6 

67 

9.5 

789 : 

13.4 

24.1 

.202 

33.6 

34.7 

102 

11 . C 

792 

14.5 

27.8 

-.398 

35.9 

33.9 

123 

12.1 

793 

14.2 

23.0 

.115 

31.0 

31.6 

94 

10.9 

796 

12.5 

25.5 

-.092 

38.1 

37.5 

118 

12.7 

800 

14.1 

28.6 

-.095 

38.0 

37.4 

131 1 

12.6 i 


Ilaeckcr’s Jerseys, 55 Continued 


S 09 1 

14.2 

30.9 

-.414 

40.9 

38.5 

148 

13.1 

809 1 

15.3 

25.4 

.048 

31.1 

31.3 

102 

11.0 

811 

13.8 

24.1 

-.333 

32.8 

31.2 

UK ) 

11.4 

811 

15.3 

29 . 4 

-.184 

30.0 

35.1 

131 

12.2 

817 

12.7 

25.0 

- . 3 * i 4 

37.7 

35.0 

117 

12.5 

817 

13.7 

27.0 

- .000 

30.9 

30.5 

122 

12.4 

820 

14.0 

22.5 

.113 

30.3 

30 . S 

88 

10.7 


15.1 

18.5 

.190 

23.0 

23 . 0 

52 

7.8 

824 

10. 0 

20 . 7 

- .030 

30.1 

30.0 

104 

10.7 

833 

10.2 

. 30.0 

-.101 

34.7 

34.0 

131 

12.0 

836 

14.0 

28. 4 

-.143 

38. 1 

37.3 

131 

12.0 

838 

13.0 

20.2 

- .097 

30.2 

. 35.7 

117 

12.2 

843 

14.9 

21.1 

.143 

20.4 

27.0 

72 

9.4 

845 

13.0 

23 , 2 

-.010 

31.9 

31.8 

94 

11.1 

849 

10.8 

30.1 

-.225 

33.5 

32.0 

128 

11.0 

8.54 

14.5 

21.1 

.017 

27.3 

27.3 

•75 

9.8 

855 

10.0 

29.2 

-.025 

34.2 

34.1 

120 

11.8 

850 

15.3 

23.5 

-.080 

28.8 

2 S .5 

88 

10.2 

85 S 

13.4 

23.1 

- . 500 

32.3 

30.0 

95 

11.3 

8.59 

12.3 

20.0 

-.311 

39.0 

37.6 

122 

12.9 

801 

14.8 

24.3 

.101 

30.7 

31.2 

90 

10.8 

8^)3 

15.0 

24.0 

.018 

30.9 

30.8 

08 

10.9 

867 

14.7 

25.0 

-.214 

32.7 

31.8 

107 1 

11.4 

\msm 

13.8 

24.0 

-.082 

32.5 

32.1 

99 

11.3 

887 

15.4 

22.0 

-.103 

20 . S 

20.4 


9.4 

890 

15.2 

23.0 , 

.071 

28.5 

28.8 

85 

10.1 

898 

14.8 

23.8 1 

-.131 

30.1 

29 . 0 

93 

10.7 

902 

16.2 

30.0 

- . 030 

35.6 

35.5 

130 

12.1 

910 

1 

IS . 6 

37.0 

.024 

37.1 

37.2 

168 

12.5 

91.5 

13.7 

18.0 

.030 

24.6 

24.7 

50 

8 . 5 

935 

17.6 

31.3 

-.074 

33.3 

33.0 

132 

11.5 

930 

18.6 

28 . S 

-.113 

28.9 

28.0 

108 

: 10.3 

989 

15.9 

26.1 

.250 

30.7 

31.8 

103 

10.8 

1013 

15.8 

23.2 

-.009 

27.5 

27.4 

83 

9.8 

1040 

14.3 

20.4 

.148 

20.8 

27.4 

71 

9.5 

1071 

13.0 

15.4 

.077 

22.1 

22.4 

41 

7.3 

Eckles’ Holsteins, 2 

1050 1 

20.0 

34.3 

.000 

32.1 

32.1 

140 

11.2 

1319 j 

IS.l 

29.9 

.019 

30.9 

29.9 

119 

10.9 


Eckles’ Jerseys, 5 


807 

15.5 

24.8 

.041 ; 

30.0 

30.1 1 

96 

10.0 

824 

14.9 

22.8 

.137 

28.0 

29.2 1 

84 , 

10.1 


10.4 

28. 0 

.044 

32.7 : 

32.9 

119 

11.4 

902 

9.2 ; 

10.5 

.049 

21.3 i 

21.5 

20 

0.8 

952 ' 

1 

15.0 

i 

21 .7 

.000 

27.1 

27.1 

70 

9.0 


Hills’ Holsteins, 4 


1184 

11.2 

9.4 

.487 

15.7 

17.3 

7 

2.0 

1317 i 

17.2 

20.7 

.752 

22.5 

23.4 

57 

7.5 

1341 i 

10.2 

11.4 

.893 

13.2 

14.9 

-5 

- 1.3 

1390 i 

1 

18.4 

20.5 

.307 

20.9 

1 

21.6 

49 

6.6 


Hills’ Jerseys, 5 


885 

14.0 

17.9 

.627 

24.0 

26.6 

54 

8.3 

899 

14.2 

19.4 

.548 

25.0 

27.9 

64 

9.0 

920 

15.2 

17.2 

.013 

21.1 

22.8 

42 

6.7 

929 

16.6 

19.4 

.410 

22.0 

23.2 

51 

7.3 

978 j 

1 13.7 

13.0 

.458 

18.6 

20.0 

24 

4.9 
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Table 21.7 Continued 



• Assuming that price of feed is $1.50 per 100 lbs. TDN; price of milk Ls $2.00 per 100 lbs. FCM. 


Table 21.8. Composition of Cow Blood During Fast. Mg/100 Cc Blood 


Days 

Fast 

Li^in 

Total 

fatty 

acids 

1 

Sterol 

n 

Hi 

Iron 

Sugar 

Amino 

Acid 

N 

In- 

organic 

P 

Organic 
acid- 
soluble P 

Ca 

Cl 

0 


200 

95 

50 

40 

62 

7 

4 

3 

7 

267 

u 

■fnH 

214 

96 

37 

43 

65 

7.1 

4.9 

2.4 

7 

261 

2i 



99 

55 

37 

65 

5.1 

4.7 

3.3 

6.4 

266 

3i 

■tim 

224 

96 

58 

44 

45 


4.9 : 

3.2 

6.8 

279 

4i 

9.6 

186 

91 

59 


51 

5.8 

5.1 

3.1 

6.6 

276 

5i 

9.5 

201 

88 

48 

41 

52 


4.9 

3.0 

6.4 

280 

6 

9.4 

204 

88 

46 


52 


4.6 

2.6 

6.8 

276 




























Chapter 22 

The Monetary Economy of Milk Production 

The dairy farmer would he very glad indeed to function more abundantly 
in the support of national health if an economic framework could be devised. 
11. D. Kay 


The overall monetary economy of milk production — including cost of hu- 
man labor — depends on many factors, of which the milk-production level per 
animal is most important. The latter may be raised by increasing (1) “daily 
merit’*, (2) body size, and (3) plane of nutrition. We shall define and indi- 
cate the bearing of each on the monetary economy of milk production. 

22.1: “Dairy merit”: quantitative definition. The designation “dairy 
merit” is related to the economy of milk production, but the relation is not 
clear; it means different things to different dairymen. Let us, therefore, 
define it quantitative!}'' by saying that “daily merit” represents the biological 
efficiency of milk production as measured by the percentage of consumed 
TDN energy which is converted into milk (FCM) energy. This definition 
may be represented by the equation 


Dairy merit = 


milk-energy production 
TDiV-energy consumption 


340 X lb FCM produced 
1814 X lb TDN consumed 



assuming that 1 lb FCM (“fat-corrected milk”, milk containing 4 per cent fat) 
has an energy equivalent of 340 Calories, and 1 lb TDN (total digestible nu- 
trients) has an energy equivalent of 1814 Calories. Dairy'' merit of the animol 
is numerically equal to the gross energetic efficiency of the lactation process 

(Chs. 1, 3, 21). 

The upper limiting value of this dairy-merit ratio is 50 per cent, not over 
one-half of the consumed TDN energy can be converted into milk energy. 
Superior dairy animals convert about one-third of the consumed TDN energy 
into milk energy; good daily animals, about one-fourth.^ A 25 pei cent dairy- 
merit level pays, approximately, for the dairyman’s work, feed, and other ex- 
penses at the current rate. Really profitable milk productiop in\olves higher 

dairy merit. 

The dairy merit, or efficiency, of a given animal is, of course, dependent on 
her milk-production level. 

The average milk-production level in the United States is about 4500 lbs milk or 160 
lbs butterfat per cow per year. This yield is about one-tenth of the upper lactational 

^ Brody, S., J. Nut., 17, 235 (1939); Science, 96, 485 (1942); Univ. Mo. Agr. Exp. Sta. 
Res. Bull. 366, 1943, 


853 



854 


BIOENERGETICS AND GROWTH 


performance of cattle. A cow recently produced 42,000 lbs milk (about 1400 lb butter- 

fat) in a year^, and the writer believes, on the basis of considerations to be e.\plained 

presently, that the potential upper lactational performance for dairy cattle is nearer 
50,000 lbs FCM or 2,000 lbs butterfat a year. 

It is theoretically simple to double the average milk production of 4500 lbs milk, or 

160 lbs butterfat a year by the use of well-bred sires. The simplicity is indicated in the 
following table. ^ 


1 

Sire used ' 

1 

1 

1 

Production, Ibs/year 

Original cows 

First generation 
daughters 

Second generation 
daughters 

Milk 

Fat 

Milk 

Fat 

Milk 

Fat 

Guernsey 

4 , 480 

202 

5,729 

253 

7,155 

355 

Holstein 

3,631 

176 

6,649 

278 

10,218 

395 

Jersey 

4.047 

194 

5,015 

270 

6,539 

331 

Average 

4,110 

192 

5,815 

267 

8,056 

363 


The Dairy-Herd Improvement Association cattle currently produce from 8,000 to 
10,000 lbs FCM (milk corrected to 4% fat) a year. The dairy cattle in Denmark pro- 
duced, on the average, about 7500 lbs milk a year. On the other hand, the average pro- 
ductive level in CIreat Britain, Canada, and New Zealand is no better than in the United 
States, 4,000 to 5,000 lbs a year. These countries thus fail to make use of their dairy 

potentialities. They could easily double the milk production with the same cattle 
population. 

The dairy industry is evidently capable of great expansion in production and income, 
easily doubling and potentially capable of tripling or quadrupling the present average 
production, without increasing the number of cows. Tlie two outstanding needs are 
(1) a yardstick for measuring dairy merit of animals, uncomplicated by differences in body 
size; (2) a method for predicting ynilking potentiality in young animals. VVe attempted 
to correlate basal energy metabolism in the young with productive level in the adult. 
The difficulty in developing this, or any other, potentiality index is that it involves in- 
vestigating large, unselected populations over many years, which is expensive. Just 
as methods have been developed for early recognition of intellectually gifted children,^ 
so methods will be developed for early recognition of lactationally gifted cattle. The 
economic saving that may result from an index of lactational potentiality is indicated 
by the fact that of the 6 million dairy heifers raised annually, only one-third turn out 
to be profitable. 


Daily merit appears to be independent of body size as such; its upper limit- 
ing value is approximately the same in rats, goats, cows, and even in humans. 

2 The 8-year old 1750-lb Carnation Ormsby Madcap Fayne, produced 41 ,943 lbs 3.33%- 
fat milk in a (365-day) year [Prescott, M. S., Holstein-Friesian World, 39, 679 (1942)). 
This is equivalent.to an average of 115 lbs milk a day (at one time she produced 146 lbs 
milk in a day; 19,508 quarts milk a year (1 qt = 2.15 lbs); 1740 lbs butter (1 lb butterfat 
^ 1.25 lbs butter); 1463 lbs protein, equivalent to 3775 lbs American cheese; 2034 lbs 
lactose; 285 lbs minerals containing 58 lbs calcium, 37 lbs phosphorus, and so on. At 
the rate of 1 quart milk a day, this would supply one person for 53i years. The 8-year 
old 1700-lb cow Carnation Ormsby Butter King produced 38,607 lbs of 3.63% milk, 1402 
lbs butterfat in a (365-day) year. 

2 McCandlish, A. C., et al., Iowa Exp. Sta. Bull. 251. 

* For early recognition of the intellectually gifted, see Terman, L.M., “Psychological 
approaches to the biography of genius.” Science, 92, 293 (1940). 
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Approximately the same percentage of digestible dietary nutrients consumed 
may be converted into milk in all those species, large or small. ^ The profit 
on milk production, however, does vaiy with body size of the animal because, 
if other conditions are equal, the overhead expense per unit milk jiroduction 
declines with increasing size ot animal. Let us, therefore, next define body 
size quantitatively. 

22.2: Lactationally effective body size: quantitative definition. Since the 

feed is converted into milk by the body, the quantity of such conversion 
should, other conditions being equal, increase with the size of the body. 
Body size must be an important factor. It is true that some large cows yield 
no more, and often less, than small ones; but this is because the dairy merit ^ 
the lactational drive, of the large cow is inferior to that of the small one — be- 
cause other conditions are not equal. Thus dairy cows produce more milk 
than beef cows of the same size becuuise of dairy merit dilTenaices. But when 
other conditions are ecjual, a small dairy cow should yield more milk than a 
dairy goat; a large daily cow should yield more than a small dairy cow. 
Since there is a mainttmance cost for every pound of live w(ught, each i)ound 
necessarily counts for or against the daily merit and profit of the animal 
yielding a given quantity of milk energy, depending on whether or not each 
pound produces milk in |>roportion to its maintenance cost. 

The major reason for the general neglect of the body weight datum in re- 
porting milk yield is that milk production does not increase directly with simple 
body weight but in a more comi)lex manner, which appears to be confusing. 
For instance, we know of a 700-11) cow (Stonehurst Pati'iciaiLs Lily)^ that 
produced at the rate of 70 lbs F(LM a day, or 2(),000 lbs F(LM a year, but it 
is probably impossible for 1400-lb cow to produce at the rate of 140 lbs FCM 
a day or 52,000 lbs FCM a year. Milk production evidently does not increase 
directly with simple weight. This gives the superficial impression that body 
weight may not be an important factor in milk i)roduction, which is definitel}^ 
not the case. 

Milk is not produced by the body as a whole, but only by the visceral (in- 
ternal) organs and by the suifaces that participate in the digestive, assimila- 
tory, respiratory, excretory, and secretory (including endocrine) processes. 
The supporting structures (skeletal muscles and bones) do not participate in 
the milk-production process; and it so happens, for reasons previously ex- 
plained (Ch. 17, also ('ll. 13), that these non-participating supporting struc- 
tures increase at a relatively more rai)id rate, or the visceral and surface 

^ There is no reason for assuininK that difTereiit amounts of consumed feed eneifiy, 
above the inaintciiance nccdSf should be reciuired to produce unit milk energy in, for 
example, 700 and 14004b cows; there is no reason why the energy cost of producing unit 
milk above the maintenance cost, should be different in the two animals. If the main- 
tenance cost is included, the efficiency will be the same if the ratio of milk-energy pro- 
duction to maintenance-energy cost is the same in large and small animals, and this 
appears to be the case. 

^Jersey Bulletin and Dairy World, 54, No. 15 (April 10, 1935). 
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structures increase at a relatively less rapid rate, than the body as a 
whole. 

In other words, a 1200-lb cow cannot produce ten -fold the milk energy of a 
120-lb goat at its upper limit, and a 1400-lb cow cannot produce twice the 
milk energy of a /00-lb cow at its upper limit, because large animals have 
relati\ely larger supporting stiiictures and, therefore, relatively smaller vis- 
ceral organs and areas than small animals (Ch. 17). 

In an analysis of milk-energy production in relation to body weight in 
different species* (rats, goats, and cows), milk production was obseiwed to 
vary with, approximately, the 0.7 power of body weight, or (Fig. 22.1a). 
This means that increasing body weight 1 per cent tends to cause an increase 

BODY WEIGHT, LBS. 



BODY WEIGHT, KGS,W 

Fig. 22.1a. The relation of milk-energy production to body weight in mature animals 
of different species : averages of 368 “good” cows, 7 good goats, 5 excellent rat mothers. 
Plotted on a logarithmic grid. Y represents milk-energy production per day for body 
weight, W. 

in milk production of 0.7 per cent. More concretely, a 1400-lb cow tends to 
produce not 100 per cent more milk than a 700-lb cow, but only 70 per cent 
more, and this only when the dairy merits of the two cows are the same. The 
reference base ^ is, of course, very close to that of IF^^^, the conventional 
reference base for the surf ace- weight relation {S = alF^'^) : so that one may 
say, if one prefers, that milk-energy production tends to vary directly with 
surface area. 

Now, the basal energy metabolism and resting maintenance needs for 
energy and protein also vary with, approximately, TF® ^ (Chs. 13-15). It is 
true that the energy cost of moving the body during walking and similar 
activities varies directly with body weight, with IF* however, voluntary 
activities of animals tend to decline with increasing body weight; large animals 
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are likely to make fewer and slower movements than small ones, and the de- 
cline appears to be in such manner that tlie total maintenance cost tends to 
vary with in the same manner as does milk-energ}'’ production (Ch. 15). 

If, then, the maintenance-energ}'’ cost and the milk-energy production vary 
in the same manner with increasing bod)'' weight, dairy merit, f.e., the ratio of 
milk-energy production to feed-energy consumption, must be the same in 
small and large animals^ and this is virtually demonstrated for rats, goats, 


Table 22.1. Milk Production in Relation to Various Reference Bases in Cattle, Goats, 

^ and Rats 



Average of 
368 “good” 
cows 

Average of 

7 “good” 
goats 

Average of 
12 “good” 
white rats 

A “cham- 
pion” Hol- 
stein cow* 

A “cham- 
pion” Jersey 
cow* 

Live weight, (lbs) 

1,130 

95 

0.662 , 

1,700 

700 

Live weight, (kg) 

513 

43 

0.3 

771 

318 

Milk yield, FCM (Ibs/dav) 

33.6 

6.2 

0.1765 

100 

71 

Milk yield, (Cal /day) 

Ratio FCM lbs per 1000 lbs live 

11,440 

2,114 

60 

34 , 000 

24,140 

wt. 

Ratio milk Cal per kg live 

30 

66 

1 

1 

267 

59 

101 

weight 

Ratio Milk Cal to estimated 

22 

50 

150 

44 

63 

basal-mct. Cal 

1.7 

1.9 

2.1 

3.8 

5.1 

Milk Cal per kg® ■’® live weight’ 

' 145 

152 

139 

324 

428 

Milk Cal per kg® ” live weight* 
Ratio FCM lbs to lb® ’ live 

120 

137 

147 

266 

360 

weight® 

Dairy merit = gross energetic 

24.5 

i 

25.6 

23.6 

54.8 

72.4 

efficiency® 

31% 

34.9% 

44% 

44% 

48% 


* This 1700-lb cow, Carnation Ormsby Butter King ‘‘Daisy” [Holsiein-Friesian Worlds 
33 (Feb. 22, 1936)] produced in 365 days 38,607 lbs of 3.63%-fat milk containing 1402 lbs 
butterfat. 

* This 700-Ib cow, Stonehurst Patrician’s Lily [Jersey Bull. & Dairy Worlds 64, No. 
15 (April 1^, 1935)1 produced in 365 days 24,094 lbs of 4.5%-fat milk containing 1087 lbs 
butterfat. 

® The kg®’® values are respectively: 78.9, 13.9, 0.4305, 105, 56.5. 

^ The kg® ’^ values are respectively: 95.1, 15.6, 0.4152, 128.1, 67.1. 

® The Ib® ’ values are respective!)': 137.1, 24.2, 0.7492, 182.5, 98.1. 

* Dairy merit of a 120'lb goat is 44% when producing 15 lb FCM//day; 47.5% when 
producing 20 Ibs/day; 41% when producing 12 lbs FCM ^ 39% for 10 lbs, 40.5% for 11.2 lbs. 


and cattle (Table 22.1). We thus reach the important conclusions that (1) 
if other conditions are equal, dairy merit is independent of body size; (2) 
milk-energy production, as maintenance cost, varies not with simple body 
weight, TF^ but with IF® The laclaiionally effective body size is reoresented 
not by TF* ® but by IF® L 

22,3: Evaluation of dairy merit. Dairy merit is defined by the ratio of 
milk-energy production to TDA^-energy consumption. It is easy to obtain 
the milk-energy production^ but difficult to obtain the TDA^-energy consump- 
tion. Because of this difficulty indirect dairy-merit indices may be used. 


’Milk-energy production (according to Gaines) — 340 x lb FCM, FCM represents 
milk corrected to 4% fat. Table 22.3 lists factors and equations for converting milk 
of any fat percentage to FCM, 
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The dairy-merit index proposed by Gaines* is the ratio of milk production 

to live weight, FCM/W, as for example, milk production per 1000 lb live 
weight. 

The FCM/W dairy-merit index is the easiest to compute and to understand. 
It is, perhaps, satisfactory for comparing animals of nearly the same body 
weight, such as those within a homogeneous breed of cattle. But the FCM/W 
index is not satisfactory when animals differ widely in weight, as, for example, 
Carnation Ormsby Butter King Daisy and Stonehurst Patricians Lily (1700 
lbs and 700 lbs, respectively). The 700-lb cow produced at the average rate 
of 70 lbs FCM a day, while it is probably physically impossible for a 1700-lb 

COW to produce 70 X ^ = 170 lbs FCM a day. 


The first three columns in Table 22.1 show that the ratio of milk Calories 
to simple body weight, kg, declines from 150 for rats to 50 for goats to 22 for 
cows; the FCM lbs per 1000 lbs body weight ratio declines from 267 for rats, 
to 66 for goats, to 30 for cows. On the other hand, the ratio of FCM lbs to 
(lb)®-7 body weight is virtually the same, about 25 for rats, goats, and cows. 
The ratio of milk Cal. to basal metabolism Cal. is also quite constant, 2.1 for 
rats, 1.9 for goats, 1.7 for cows. The ratios of milk Cal. to (kg)® ’®, and to 
(kg) 0.73 2 ,i*e also quite constant. 

The two right-hand columns in this table show, as might be expected, that 
the ratios of milk energy to estimated basal metabolism, or to (kg)® ’ in the 
'‘champion” cows, are much above that for the “good” cows, about three- 
fold in the champion Jersey. The ratio of milk-energy to (kg)® ’ is likewise 
three times as high in the champion Jei-sey as in the “good” cows. 


Incidentally, Gaines* FCM/W dairy-merit index indicates that the champion Jersey 
is about 70 per cent “better*’ than the champion Holstein (101:59); the milk CaI/(kg)®-7* 
index indicates that the champion Jersey is about 33 per cent “better** than^the cham- 
pion Holstein (-104:303); by the milk Cal/basal metabolism Cal. method, the champion 
Jersey is likewise about 33 per cent “better** than the Holstein (5.1:3.7). 

According to equation (3) below, a 1700-Ib cow producing 138 lbs FCM a day should 
have the same dairy merit or milk-producing efficiency as a 700-lb cow producing 70 lbs 
FCM a day. Actually, as shown in Table 22.1, the 1700-lb cow produced only 100 lbs 
FCM a day. The 1700-Ib cow producing 100 lbs FCM a day is thus inferior, from the 
dairy-merit viewpoint, to the 700-lb cow producing 70 lbs FCM a day. 


Summarizing, if the range in live weight of animals is considerable, the 
relative dairy merit of the animals under comparison is best given .by the 
ratio FCJ//H^® ’ or, perhaps, FCJ//1F® ’^, or best, by the dairy merit, that is 
the percentage TDN converted into milk (Table 22.2). The method of com- 
puting these values will be presently explained. 


If milk-energy production tends to vary with IF® ^ how does it happen that Gaines 
reported that FCM tends to vary more nearly with IF* A clue to this puzzle is given 

® Gaines, W. L., J. Dairy Sci.^ 23, 71, 259, 1031 (1940), and references there given. 
Gaines suggested the use of a special weight, the initial weight, I. W., at the beginning 
of the lactation period, shortly after freshening. 
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in Figs. 22.1b and c, which roproscnt the same data on logaritluuic and arithmetic grids, 
respectively. 

The slopes of the curves in llie two cliarts (tiio slopes represent tlie exponents of IT, 
the value of 6 in 11 range from {)^^ tor well-fed animals of almost exactly the same age 
to 1.3 and 2.1 for animals including all ages and all states of nutrition, animals classified 
by live weight regardless of age and state of nutrition. "^riH'se dilT(*rences in slope for 
the various cow i)opulations t hus reflect difYenmees in t he c<»mposit ion of t ho pojudation. 

If animals difTorent in age are included in the i)oi)ulation classified by weight (regard- 
less of age), the increase in milk |)roduclion associated with increased body weight is 
fortified by increase in milk production assoedated witii increasing age during growth. 
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BODY WEIGHT, W,KGS. 

Fig. 22.1b Milk production iis function of body weight on a logarithmic grid. The 
heavy line represents mature rats, goats, and the 368 “good” cows of all breeds, and has a 
slope of 0.71 (i.e. Y = Tlie other curves represent various groups of cows as 

shown. Note the wide variations in the slopes of the cattle data due to difTercnces in 
grouping by ages, nutritional status, and dairy merit. 


If animals in ditTcrent nutritional conditions are included, increase in weight as result 
of fattening will not increase milk production; on the other hand, if undernourished 
animals are included, the light animals may have a lower yield than they should and 
when mixed with well-fed animals will give the curve a greater slope. 

Summarizing, unless the cow population is homogeneous with regard to age, state of 
nutrition, and dairy merit, the slope relating milk yield to body weight is ambiguous. 
Thus curve 14 (F'igs. 22.1b and c) of very high slope represents the same data as curves 
2 to 10, each of low slope. Curves 14 and 11 have high slopes because they have animals 
of different ages, and so on. The difTercnces in slope reflect differences in classification 
of data. 
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Instead of employing dairy-merit mdices, such as FCM/W^ '^ or 
which are numerically removed from the actual values of dairy merit , a table 
or graph may be constructed giving daiiy-merit estimates, estimates of the 
percentages of consumed TDN energy that is conA'erted into milk energy. 

LIVE WEIGHT, KGS. 



LIVE WEIGHT, LBS. 

Fig. 22.1c. Milk production as function of body weight on an arithmetic grid. The 
same data as in Fig. 22.1b. The longest heavy line represents the mature rats, goats, 
and 368 cows (Y = aW°-^^). The other curves are numoered as in Fig. 22.1b. 

Such are Table 22.2 and Fig. 22.2. This table and alignment chart were 
constructed from the following considerations. 

From the preceding chapter, the partition of TDN between milk (FCM) production 
and maintenance is given by the relation 

TDN = 0.305FCA/ + 0.05SW^^^ 


( 1 ) 
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Table 22.2. Estimating Per Cent Efficiency of Milk Production from Body Weight of 

Cow and Milk Production (47o -Milk) 


4% 

milk. 

pounas 

per 

year. 

{PCM) 






Body Weight, Pound; 

> 





4% 

milk. 

- pounds 
per 
day 

600 

700 

800 

900 

1000 

! 1100 

j 

! 1200 

1 

1300 

1400 

I 

1500 

1600 

1700 

ISOO 

3000 

18,9 

17.4 

16.2 

15.2 

k 

14.4 

\ 

13. C 

|| 13. C 

1 12.4 

: 11 . ^ 

11.4 

[1 10. f 

I 10. c 

i 10.2 

1 8 2 

3500 

21.0 

19.5 

' 18.2 

17.1 

1 

16.1 

15-3 

i 14.6 

1 

. 14.0 

» 13.4 

' 12 . 9 ' 12.4 

r, 12. C 

1 11.6 

* 9 6 

4000 

22.9 

21.2 

, 19.9 

, 18.7 

1 

17.8 

16.9 

'i 16.2 

, 15.0 

N 14.8 14.3 

: 13.^ 

1 13.3 

; 12.9 

' 110 

4500 

24.6 

22.9 

L 

i 21.6 

20.4 

^ 19.3 

: 18.4 

17.6 

16.9 

16.2 

15. 6i 15.1 

14.6 

1 14.1 

12 3 

5000 

26.1 

1 24.6; 23.1 

21.7 

20.81 19.9 

' 18.9 

: 18.2 

; 17.5 

. 16.9 

1 16.3 

m' 15.8 

; 15.3 

13.7 

5o00 

27.6 

I 25.9 

i 24.4 

; 23.2 

: 22.1 

1 21.0 

^ 20.2 

19.5 

18.7 

18.1 

17.5 

1 ' 17.4 

16.4 

15 1 

6000 

28.9; 27.2 

i 25.7 

i 24.4 

23.2 

1 

i 22.3 

21.5 

, 20.6 

; 19.9 

19.1 

i 18.6 

■i 18.0 

' 17.5 

16.4 

6500 

30.2 

: 28.3 

! 26.8 

t 

' 25.7 

24.6 

; 23.4 

' 22.5 

4 

■ 21.7 

21.0 

20.2 

: 19.7 

19.1 

18.5 

1 17.8 

7000 

31.3 

29.6 

; 28.1 

J 

: 26.8 

! 25.5 

j 24.6 

23.6 

22.9 

21.9 

21.4 

1 ' 20.6 

20.1 

19.5 

19.2 

7500 

32.2 

30.6 

29.1 

27.7 

26.6 

25.5 

i 24.6 

23.8 

23 . 0 

22.3 21.6 

21.0 

20.4 

20.5 

8000 

33.4 

31.5 

) 30.2 

28.7 

1 

; 27.7 

1 26.6 

1 

25.5 

24.7 

24.0 

23.2 

22.5 

21.9 

21.4 

21.9 

8500 

34.3 

! 32.6 

■ 31.1 

j 

, 29.6 

, 28.5 

27.4 

26.4 

25.7 

24.7 

24.0 

23.4 

22.7 

22.1 

23.3 

9000 

35.0 

: 33.4' 31.9! 30.6 

i 29.4 

28.3 

27.4 

26.4 

25.7 

24.9 

24.2 

23.6 

23.0 

24.7 

9500 

35.8 

34.11 32.8 

t 1 

31.3 

1 30.2 

29.2 

28.1 

27.4 

26.4 

25.7 

25.1 

24.4 

23.8 

26.0 

10000 

36.7 

: 34.0 

A 

33.5 

32.2 

! 30.9 

30 . 0 

29.1 

28.1 

27.2 

26.4 

25.9 

25.1 

24.6 

27.4 

10500 

37.3: 35.6 

34.2 

33.0 

31.7 

30.7 

29.6 

28.9 

27.9 

27.2 

1 26.4 

25.9 

25.3 

28.8 

11000 

38.0 

36.4 

35.0 

1 33.5 

; 32.4 

31.5 

30.4 

1 29.4 

28.7 

27.9 

27.2 

26.6 

25.9 

30.1 

11500 

38.6 

; 37.1 

35.6 

i 34.3 

: 33.2 

32.0 

31.1 

30.2 

29.4 

28.5 

' 27.9 

27.2 

26.6: 

31.5 

12000 

39.4 

37.7 

36.2 

35.0 

: 33.7 

32.8 

31.7 

30.9 

30.0 

29.2 

: 28.5 

1 27.71 27.2 

32.9 

125C0 

39.9 

38.2 

36.7 

35.6 

, 34.3 

33.4 

32.4 

31.5 

30.7 

30.2 

29.2 

28.5 

27.9 

34.2 

13000 

40.5 

1 38.8 

) 

37.5 

36 . 2 

' 35.0 

33.9 

33 . 0 

: 32.01 31.3 

30.6 

29.8 

29.0 

28.5 

35.6 

13500 

40.9 

39 . 4 

37.9 

36.7 

1 

: 35.6: 

34.7 

33.5 

32.6 

31.9 

31.1 

30.3 

29.6 

29.1 

37.0 

14000 

41.4 

' 39.9 

1 

38.4 

37 . 3 

i 36.2 

35.0 

34.1 

33. 2i 

32.4 

31.7 

30.9 

30.2 

29.6 

38.4 

14500 

42.0 

40.5 

38.8 

37.9; 

36.5 

35.6 

34.7 

33.7 

33.0 

32.2 

31.5 

30.7 

30.2 

39.7 

15000; 

42.4 

40.9 

39.5 

38.4; 

37.1 

36.2 

35.2 

34.3 

33.5 

32.8 

32.1 

31.3 

! 30.6 

41.1 

15500 

42.7 

41.2 

1 

1 

39 . 9 

38.8; 

37.7 

36.5 

35.6 

34.9 

33.9 

33 . 2 ' 

32.4 

31.7 

31.1 

42.5 

16000 

43.1 

41 .8' 

40.5 

39.2 

38.0 

37.1 

36.2' 

35 . 2 

34.2 

33.5 

32.7 

32.2 

31.5 

43.8 

16500 

43.7, 

1 42.2 

40.9 

39.5 

38.4 

37.5 

36.5' 

35.6 

34,7 

34.0 

33.2 

32.6 

32.1 

45.2 

17000 

44.0 

42.5 

41.2 

40. l' 

39.0 

37.9 

37. 1| 

36 . 2 

35.2 

34.4 

33.7 

; 33.2 

32.6 

46.6 

17500 

44.2: 

; 42.9 

41.6 

40.5; 

39.4 

38.4 

37.5! 

36.5 

35.6 

34.8 

34.1 

33.7 

33.0 

47.9 

18030 

44.6 

43.3 

42.0 

1 

! 40.9 

39.7 

38.8 

37.9 

36.9 

36.0 

35.3 

34.5 

34.1 

33.4 

49.3 

18500 

45.0 

43.7 

42.4 

i 41.2 

1 

40.1 

39.2 

38.2 

37.5 

36,4 

35.7 

34.9 

34.5 

33.7 

50.7 

19000 

45.4 

43.9 

1 42.7 

41.6 

40.5 

39.5 

38.6 

37.9 

36.8 

36.0 

35.3 

34.9 

34.3 

52.0 

19500 

45.5 

44.2 

' 42.9 

41.9 

40.9 

39 . 9 

39.0 

38 . 2 

37.2 

36.4 

35.7 

35.2 

34.7 

53.4 

20000 

; ‘J5.9! 

44.6 

43.3 

42.2 

41.2 

40.1 

39.4 

38.6 

37.5 

36.8 

36.1 

35.6 

35.0 

54.8 

20500 

46.3; 

44.8 

43.7 

42.5 

41.6 

40.5 

39.7 

38.8 

37.9 

37.2 

36.5 

36.0 

35.4 

56.2 

21000 

46. 5 

45.2 

44.0 

42.9 

41.8 

40.9 

40.1 

39.2 

38.2 

37.5 

36.8 

36.4 

35.8 

57.5 

21500 

46.7 

45.5 

44.2 

43.1 

42.2 

41.2 

40.5; 

38 . 5 

38.6 

37.9 

37.2 

36.7 

36.2 

58.9 

22000 

47.0 

45.7 

44,6 

43.5 

42.5 

41.6 

40.7 

39.9 

38.9 

38.2 

37.5 

37.1 

36.5 

60.3 

22500 

47.2 

45.9 

44.8 

43.9 

42.7 

41.8 

41.0 

40.1 

39,2 

38.5 

37.8 

37.5 

36.7 

61.6 

23000 

47.4 

46.3 

45.0 

44 . 0 

43.1 

42.8 

41.2 

40.5 

39.5 

38.8 

38.1 

37.7 

37.1 

63.0 

23500 

47.8 

46.5 

45.4 

44.2 

43.3 

42.4 

41.6 

40.9 

39.8 

39.1 

38.4 

38.0 

37.5 

64.4 

24000 

48.0 

46.7 

45.6 

44.6 

43.7 

42.7 

41.8 

41.0 

40.1 

39.4 

38.7 

38.2 

37. £ 

65.8 

24500 

48.2 

47.0 

45.7 

44.8 

43.9 

42.9 

42.2 

41.4 

40.4 

39.7 

39.0 

38.6 

38. ( 

67.1 

25000 

48.4 

47,2 

46.1 

45.0 

44.0 

43.3 

42.4 

41.6 

40.7 

40.0 

39.3 

38.8 

38.2 

68.5 

25500 

48.5 

47.4 

46.3 

45.4 

44.2 

43.5 

42.7 

41.8 

40.9 

40.3 

39.6 

39.2 

38. f 

69.9 

26000 

48.7 

47.6 

46 . 5 

45.5 

44.6 

43.7 

42.9 

42.2 

41.2 

40.5 

39.8 

39.5 

38. ^ 

71.2 

26500 

48.9 

47.8 

46.7 

45.7 

44.8 

44.0 

43.1 

42.4 

41.4 

40.8 

40.1 

39.7 

39.2 

72.6 

27000 

49.1 

48.0 

46.9 

45.9 

45.0 

44.2 

43 - 3 

42.7 

41.7 

41.0 

40.4 

39.9 

39. ^ 

74.0 

27500 

49.3 

48.2 

47.0 

46.3 

45.4 

44.4 

43. 7| 

42.9 

41.9 

41.3 

40.6 

40.1 

SO.; 

75.3 

28000 

49.5 

48.4 

47.4 

46.5 

45.5 

44.6 

43. 9 I 

43.1 

42.2 

41.5 

40.9 

40.3 

40. ( 

76.7 

28500 

49.7 

48.5 

47.6 

46.7 

45.7 

44.8 

44 . 0 ! 

43.3 

42. 4| 

41.8 

41.1 

40.5 

40. r 

78.1 

29000 

49.9 

48.7 

47.8 

46.7 

45.9 

45.0 

44 . 2 ; 

43.7 

42.9 

42.2 

41.6 

41.0 

40. f 

79.4 

29500 

50.0 

48.9 

48.0 

47.0 

46.1 

45.4 

44.6. 

43.9, 

43.1 

42.4 

41.8 

41.2 

40.; 

80.8 

30000 

50.2 

49.0 

48.2 

47.2 

46.3 

45.5 

44.8 

44. 0| 

43.3 

42.7 

42.0 

41.4 

40. < 

82.2 
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Table 22.2. Continited 


4% 

milk. 

pounds 

per 

year. 

{FCM) 






Body Weight, Pounds 






milk, 

pounds 

600 

700 

■ 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

30500 

50.2 

49.1 

48.3 

47.4 

46.5 

45.7 

45.0 

44.2 

43.7 

42.9 

42,4 

41.6 


83.6 

31000 

50.4 

49.3 

48.4 

1 

! 47.6 

46.7 

45.8 

45.2 

44.4 

43.8 

43.1 

42.5 


41.4 

84.9 

31500 

50.6 

49.5 

i 48.5 

47.7 


46.1 

45.4 

44.6 

43.9 

43.3 

42.7 

42.2 

41.6 

86.3 

32000 

50.7 

49.7 

1 48.7 

47.8 


46.3 

45.5 

44.8 


43.5 

42.9 

42.4 

41.8 

87.7 

32500 

50.8 

49.9 

48.9 


' 47.2 

46.5 

45.7 

45.0 

44.2 

43-7 

43.1 

42,5 

42.0 

89.0 

33000 

51.0 

Bfara 

49.0 

48.2 

j 47.4 

46.6 

45.9 

45.2 

44.6 

43.9 

43.3 

42.7 

42.2 

90.4 

33500 

51.1 

EiWi 

49.1 

48.3 

’ 47.5 

46.7 

46.1 

45.4 

44.7 

44.0 

43.5 

42.9 

42.4, 

91.8 

34000 

51.2 


49.3 

48.4 

47.6 

46.8 

46.3 

45.5 

44.8 

44.2 

43.7 

43.1 

42.5 

93.2 

34500 

51.4 

Knn 

49.4 

48.5 

47.8 

47.0 

46.4 

45.7 


44.4 

43. 9i 

43.3 

42.7 

94.5 

35000 

51.5 

WSM 

^BASASi 

49.5 

48.7 

48.0 

47.2! 

46.5 

45.9 

45.3 

44.6 


43.5 

42.9 

95.9 

35500 

51.5 

50.6 

49.7 

48.9 

48.2 

47.4 

46.7 

46.1 

45.4 

44.8 

! 44.2 

43.7 

43.1 

97.3 

36000| 

51.7^ 

50.8 

49.9 

49.0 

48.3 

; 47.6 

46.9 

46.2 

45.5 

45.0 

44.4 

43.9 

43.3 

98.6 

36500 

51.9 

50.9 


49.1 

48.4 

47.7 

47.0 

46.3 

45.7 

45.2 

44.6 


43.5 

100.0 

37000 

51.9 


50.1 

49.3 

48.5 

47.8 

47.2 

46.5 

45.9 

45.4 

44.7 

44.2 

43.7 

101.4 

37500 

52.0 

51.2 

50.2 

49.5 

48.6 

47.9 

47.3 

46.7 

46.0 

45.5 

44.8 

44.3 

43.8 

102.7 

38000 

52.1 

51.3 

50.4 

49.6 

48.7 

48.0 

47.4 

46.9 

46.1 

45.6 


44.4 

43.9 

104.1 

38500 

52.3 

51.4 

50.5 

49.7 

48.9 

48.2 

47.5 


46.3 

45.7 

45.2 

44.6 

44.0 

105.5 

39000 

52.3 

51.4 

50.6 

49.8 

49.1 

48.4 

47.6 

47.1 

46.5 

45.9 

45.3 

44.8 

44.2 

106.8 

39500 

52.5 

51-5 

50.8 

49.9 

49.2 

48.5 

47.8 

47.2 

46.6 

46.0 

45.4 


44.4 

108.2 

40000 

52.5 

51.5 

51.0 

50.0 

49.3 

48.7 

48.0 

47.4 

46.7 

46.1 

45.5 

45.2 

44.6 

109.6 


meaning that 0.305 lbs TON is used for producing 1 lb FCM, not counting mainte 
nance, and 0.053 lb TDN per unit IT®” is used for maintenance. 

Now we defined dairy merit by the relation 


Dairy merit = 100 


340 X FCM 
1814 X TDN 



The TDN is used for two purposes, (1) for producing FCM at the rate of 0.305 lb 
TDN for 1 lb FCM and (2) for maintenance at the rate of 0.053 Ib TDN for one unit 
lFo-73. Therefore, equation (2) becomes, on substituting the values from equation (1), 


Dairy merit = 100 


SiOFCM 

1814(0.305^1/ + 0.0531F®-73) 


340FCA/ 

1QA 

553FCM + 96.11^0-73 


eiFCM 

FCM -f- 0.173iro-73 



The factor 61, of course, represents the percentage of TDN energy converted to FCM 
energy above the maintenance level, not counting the maintenance cost. It means 
that the net energetic efficiency of milk production (not including the maintenance cost) 
is 61 per cent. 

The dairy merit may thus be estimated from equation (3) or more con- 
veniently from Table 22.2 or Fig. 22.2 even though the TDN consumption is 
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not knoAMi. The FCM production and the body weight are tlie only data 
needed. 


GROSS 

EffICIENCY 



500 








0 










900 




1200 


1300 


1400 

tsoo 


is% 

(XAMPIC; A 700 ll. cow MOOUCINC 
233llS.rCM KR OAT OA AXTOLUrCM 
Ptt YIAR IS {fflCtm. 

A l)SO ll. COW IROOUCING 2VS IIS. 
KM m OAT OR 9300 lIS.KM lU 
YCAR 6 2S* EfflOlNT. 

<KM IS MIUCDNUMMG4«F/M) 


'u^^' This alignment chart may lie cmployeii for estimating gross efficiency of the 
nulk production process^ tliat is, the dairy merit of the row. First, the pounds of the 

converted to pounds tliat is, to milk containing 4 per cent fat 

22.3). Tlie efficiency of milk ()roduclion is then read from tliis chart. Thus if 
It IS desired to find the dairy merit, or gross energetic efficiency, of a 7(X)-pound cow pro- 
ducing 8500 pounds yearly or on the average 23.3 pounds daily of FC’M (4 per cent milk), 
place a straight edge between 23.3 on the left (or milk) scale, and 7(X) on the riglit (or 
body-weight) scale, and read the answer 32.5 on the center (or efficiency) scale. 


By M'ay of further elueidatiun of Table 22.2 the following figures indicate 
how FCAI production increases with liody weight, assuming that the dairy 
merit is 30 per cent, i.c., that 30 per cent of the consum(*d TDN energy is 
converted into milk energy. The values are extrapolated low enough to 
include dogs, rabbits, rats, and so on. 
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FCM Production in Relation to Body Weight When 30% of TDN Energy Is Converted 

to Milk Energy 


Bodv weight 
(lbs) 

FC}I 

production 

(Ibs/day) ; 

1 

Body weight 
(lbs) 

FCM 

production 

(Ibs/day) 

Body weight 
(lbs) 

FCM 

production 

(Ibs/day) 

Body weight 
(lbs) 

PCM 

production 

(Ibs/day) 

1800 

39.5 1 

1 

1100 

27.5 

400 , 

13.0 

10.0 

0.88 

1700 

38.0 

1000 

26.0 

300 

10.5 

5.0 

0.53 

1600 

36.0 

900 

24.0 

200 

7.8 

1.0 

0.16 

1500 

1 34.0 

800 

21.0 

150 

6.4 

0.7 

0.126 

1400 

33.0 

700 

19.6 

100 

4.7 

0.1 

0.030 

1300 

31.5 

600 

17.5 

75 

3.8 



1200 

29.0 

500 

15.3 

50 

2.9 




Summarizing, it is suggested that the dairy value of cattle be estimated not 
by the absolute amounts of milk production, because this varies with body 
weight, nor by the ratio of milk production to body weight (unless the range 
in weight is narrow), because this ratio necessarily declines with increasing 
body weight, but by the ratio FCM/W'> '’ or, preferably, by the dairy merit 
Table 22.2 or Fig. 22.2, defined as the percentage of TDN energy consumed, 
that is, converted into milk. Dairy rnerit in the animal is identical with gross 
energetic efficiency of the milk production process. 

22.4 : The influence of dairy merit on profit in animals of equal body weight. 
It is evident that, as the production level increases, the maintenance tax — 
including feed and labor — per unit milk production decreases. The labor per 
unit milk production decreases because it does not take much more time to 
milk, clean, feed, and manage a superior than a mediocre cow. In brief, the 
more milk a cow of a gi\-en weight produces, the greater the profit per head, 
per herd, and per pound of milk produced. 

Roughly speaking, the total milk-production cost is double the feed cost 
for both high- and low-milking cows. This is exemplified by the following 
values.® 


Influence of Milk Yield on Cost of Milk Production 


Milk fat production (Ibs/yr) 

150 

200 

250 

300 

350 

400 

450 

4%-milk production (Ibs/yr) 

3750 

5000 

6250 

7500 

8900 

10000 

11250 

Estimated feed cost (S) 

52 

61 

68 

74 

81 

88 

94 

Estimated total cost (S) 

104 

122 

136 

148 

162 

176 

188 

Cost per 100 lbs of 4%-milk 

2.77 

2.44 

2.18 

1.97 

1.85 

1.76 

1.67 


As the milk yield increases, the feed cost per unit milk becomes less, because 
of the saving in the feed cost of maintenance per unit milk production. The 
decrease in feed cost per unit milk is paralleled by decrease in labor cost per unit 

® Reported in chart form in the American Dairyman (Aug. 5, 1941). The values 
(except for the 4%-milk row computed by the writer) were read from the chart by 
permission of Leland W. Lamb, who obtained the feed figures from the Dairy Records 
office, Cornell University. The body weights are not given and the significance of these 
values is, therefore, somewhat mixed. The increase in milk production is probably 
due in part to increased dairy merit, in part to increased weight, and in part to better 
feeding. 
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milk because it does not take more time to milk, feed, clean, etc. a superior 

than an inferior animal. It is concluded that profits per animal and per unit 

milk increase with increasing milk production in the approximate manner 
given in the above table. 

22.6 : The influence of body weight on profit in animals of equal dairy merit. 
The cost of milk piocluction is usually di^’idcd into feed 50 per cent, and over- 


Table 22.3. Table for Convcrtiiif; Milk of Given Fat Percentage to “4 Per Cent Milk” 

l)y Means of Table 22.1* 


A 

Per cent Fat in Milk 


2.5 

2.6 

2.7 

2.8 

2 . 1 ) 

3.0 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 

4.0 

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 


Factor for Converting 
to 4% Milk 


0.775 
0.790 
0.805 
0.820 
0.835 
0.850 
0.865 
0.880 
0.895 
0.910 
0.925 
0.940 
0.955 
0.970 
0.985 
1.000 
1.015 
1.030 
1.045 
1 . 060 
1.075 
1 . 090 
1.105 
1.120 
1.135 


A 

Per cent Fat in Milk 


5.0 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 
6.0 
6.1 
6.2 

6.3 

6.4 

6.5 

6.6 

6.7 

6.8 

6.9 

7.0 

7.1 

7.2 

7.3 

7.4 


B 

Factor for Converting 
to 4% Milk 


1.150 

1.165 

1.180 

1.195 

1.210 

1.225 

1.240 

1.255 

1.270 

1.285 

1.300 

1.315 

1.330 

1.345 

1.360 

1.375 

1.390 

1.405 

1.420 

1.435 

1.450 

1.465 

1.480 

1.495 

1.510 


Column A gives fat percentages, column H corresponding conversion factors, which 
when multiplied by pounds of milk produced, will convert the given milk to 4% milk. 
Thus if a cow produces 10,000 i)ounds of 3% milk multiply 10,000 by 0.850 and get the 
answer 8500 pounds of 4% milk. In other words 10,000 pounds of 3% milk contains the 
same amount of energy as 8500 pounds of 4% milk. 

* The conversion factors in this table were computed from Gaines* formula “FC3/ = 
.4 j 1/ + 15F, where FCM (fat-corrected milk) is gross energy value in terms of normal 
average cow's’ milk of 4 per cent fat content, Si is actual milk and F is fat, all in the same 
unit of weight.** (W. L. Gaines, Univ. 111. Agr. Exp. Sta. Bull. 308, 1928.) 


head 50 per cent (labor and management 30 per cent, miscellaneous 20 per 
cent). Since the overhead costs are substantial, it is necessary to discuss the 
influence of body weight upon them. 

If dairy merit is equal in large and small animals, the larger the animal the 
more milk she will produce. Since it does not take more time to milk, feed, 
clean, and manage a large cow producing more milk than a small cow 
producing less milk, it is obvious that the labor and management and other 
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overhead costs should be less for large than for small animals producing a 
given amount of milk. 

By way of illustration, let us assume that it is desired to produce the equiva- 
lent of 1000 lbs of 4 per cent-milk (FCM) a day at a gross energetic efficiency 
of 30 per cent. It may be shoA\Ti from the definition of gross energetic effi- 
ciency that 625 lbs TDN would be consumed per day to produce 1000 lbs 
milk (FCM) per day, regardless of the size of animals. The number of animals 
of different body weight required to produce the 1000 lbs (FCM) per day is 
given in the following table. 

Influence of Body Size on Number of Animals Required to Produce 1000 lbs FCM/d&y 

at 30 per cent Efficiency 

Number of animals required to 
Weight of animal (lbs) produce milk at 30% efficiency 

1700 26 

1400 30 

1000 38 

900 42 

700 53 

100 200 


Obviously it takes more labor to milk, feed, etc. 200 goats than 53 cows; 53 
than 38 cows; 38 than 26 cows. Therefore, per lOOO-lbs milk yield and when 
dairy merits are equal, the larger the animals, the fewer required to produce 
the milk, and the less the overhead costs per unit milk produced. 

Using different wording, about twice as much milk (at nearly half the labor 
cost) may be produced from a given number of 1700-lb cows than from 700-lb 
cows, provided that the dairy merits of the two are equal; and a given number 
of large animals constitute a larger business with larger profits than small 
animals of the same daily merit. 


The following example illustrates how a difference in body size of an order frequently 
found in dairy herds, in animals of the same dairy merits affects the monetary profit. 

Assume that each of 2 groups of cow*s produces 1000 lbs 4 per cent milk a day, selling 
at S2.00 per 100 lbs. The feed cost is the same, SI .50 per 100 lbs TDN\ dairy merit of 
the cows, or the efficiency of milk production, is the same: 30 per cent of the TDN is 
converted into milk. The only difference is that in one group the animals w*eighed 900 
lbs, in the other 1400 lbs. How do the two herds compare from the profit viewpoint? 
Solution: 


No. cows needed to produce 1(X)0 lbs. 4%-milk 

daily at 30% efficiency 

TDN needed to produce 1000 lbs. 4%-milk daily 

at 30% efficiency 

Milking time 

Housing, records, taxes, etc 


900-lb cows 


1400-lb cows 


42 


30 


625 Ibs/day 625 Ibs/day 
13.6 hrs 10 hrs 

42x 30x 

(x = lOjf per cow per day) 


Cost for 900-lb herd = feed S9.37 Cost for 1400-lb herd = feed $9.37 

labor 2.72 labor 2.00 

records, etc. 4.20 records, etc. 3.00 


16.29 


14.37 



MONETARY ECONOMY OF MILK PRODUCTION 


807 


Return from milk = $20 per day 

Profit for the herd of 900-lb cows $20,00 - $16.29 = $3,71 per day 
Profit for the herd of 1400-lb cows $20.00 - $14.37 = $5.63 per day 

Relative profit = ^ = 1-5 as much for the herd of 1400-lb cows as for the 
900-lb CO\VS.®a 


The above computations indicate that if dairy merit and price per unit 4 per cent- 
nulk are the same for milk of the small and large cows, the profit on a given amount of i 

nZ greater when produced by the 1400-lb than by the 

900-lb cmvs. The profit ditTorences, of course, increase with increasing body-size difter- 

ences. This type of reixsonuig is not applicable with the same force to pasture fed cattle 
where the housing and management items are of a different order. 


pEltCtNT 



Fig. 22.3a. 

Tlie gross efficiency of milk pro- 
duction tends to decline with in- 
creasing bod}' weight. 


The above estimates are based on the assumption that dairy merit and 
other conditions are eciual in large and small cows, which may not be the case. 
Small cows tend to be more efficient than large ones (Fig. 22.3) because the 
basis for selection has been the production per cow. To stay in the herd the 
small cow has had to produce nearl}^ a.s much milk as the big cow; but if the 
small cow produces as much as the big one, she is more efficient because she 


^ Since the above was written, a release from Cornell University (reported in The 
^urge JVews, Aug. 1044) indicates tliat the “labor income” from milk production on one- 
fourth of 558 dairy farms with the higtiest average weight per cow (1 140-Ib cows produc- 
ing 7886 lbs of 3.7 per cent milk) was $044 as contrasted to $207 “labor income” on one- 
fpurtli of the farms with the lowest average weight per cow (792-lb cows producing 5070 
lb of 3.7 per cent milk). An increase of 100 lbs in live weight was associated with a 500 
to 800 lbs increase in yearly milk yield. 
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has a smaller body to maintain, and so she expends less of her feed formain- 
tenance. 

The fact that large animals are, on the average, less efficient than small ones 
presents the greater opportunity for raising the efficiency of the large cows, 
and Table 22.2, or Fig. 22.2, furnishes the nece.ssary (tentative) yardstick for 
measuring dairy merit of cows, regardless of their body size. 

Many practical considerations confuse the size factor. For instance some 
milks are especially in demand for fluid consumption; pthers for butter pro- 


PttCtNT 
3 ^ 


800 


BODY WEIGHT. LBS. 

lOOO l200 800 lOOO Goo t4oo 


PEIONT 

28 



LBS600 800 1000 QOO 8oo OOO 1200 KkX) 1600 

BOOr WEIGHT 

Fig. 22.3b. See legend for Fig. 22..3a. 


duction; still others for cheese production. Table 22.4 shows why some milks 
are preferred for butter and others for cheese — some are relatively richer in 
fat, others in casein. Color is also a factor. 

Topography and climate may favor one or another size of cow. Thus 
large cows have greater difficulty in grazing on steeply-rolling pastures than 
small ones, especially on poor pastures which involve much movement. Large 
animals have a smaller surface area (for dissipating heat) per unit weight than 
small animals (Ch. 13), and in hot Aveather large animals may, perhaps, not 
be able to keep as comfortably cool as small ones (hoAvever, the extent of 



Table 22.4. The Relation Between the Percentages of Fat, Protein and Lactose' 
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surface area per unit weight is only one of many factors involved in keeping 
cool, see Ch. 11). 

There are other factors, no doubt, such as the clumsiness of larger cows 
(Ch. 17) and their greater probability to injury, leg and hoof troubles, and so 
on, which may counteract the obviously desirable features of large animals. 
However, when all conditions are equally favorable for both, large cows are 
more profitable for large-scale milk production ; in a bam with a given number 
of stanchions one can produce more milk with large cows than with small ones 
of the same dairy merit and reduce the production cost per unit milk pro- 
portionately. 



Fig. 22.4a. Tlie iirofit of inronie from milk over cost of feed as function of dairy merit 

of the cow (gross energetic efficiency of milk production). The two left curves would be 

much steeper if the other expenses (labor, etc.) were included in the cost, and the curve 

on the right would bend upwards instead of downwards. Note that profit rises more 

s^eply than energetic efficiency; while profit rises directly with the FCM yield,energetic 

efficiency increases at decreasing increments. Note also that at 30 per cent efficiency 

the income from milk is $i0 above the feed cost for the 500-lb. cow; $100 for the 1000-lb. 
cow; $130 for the 1500-lb. cow. 


In summary, we should like to modify the phrase used by McDowelP® 
“within the breed big dairy cows excell,” to “within a dairy-merit class big 
dairy cows excell.” McDowell was only partly right in his conclusion. 
Large cows may or may not excell within or without the breed, depending on 
the relative daily merits of the large and small cows. 

22.6. The influence of the plane of nutrition on profit. The plane of nutrition of a 
given animal is defined by comparison with some feeding standard as reference base, 
for instance Haecker’s feeding standard taken as 100 per cent. 

The influence of the plane of gross (feed) energy intake on net (milk energy, meat 
energy, etc.) energy production was discussed in Chapter 5, as one example of the 
principle of diminishing increments (Fig. 5.1). This principle was there illustrated 


>0 McDowell, J. C., U. S. Dept. Agr. Circ., 114, 1930. 
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profusely in relation to milk production by tables and charts which may be summarized 
as follows. 

The greater the feed consumption the greater is the milk production, but the inilk 'pro- 
duction per unit grain or per uml TDN coy\sumpiion^ or the percentage of TDN Calories 
converted into milk Calories (apparent dairy merit) declines with increasing plane of 
nutrition. 

Since, however, the production per cow is increased, the profit per cow, per stanchion, 
and therefore for the whole herd tends to increase, as shown by Borland’s data (Ch. 5). 



LBS. 800 1000 1200 Moo 

BODY WEIGHT 

Fig. 22.4b, Inlluence of live weight on profit per cow (toj) segment), per 1000 pounds 
body weight (middle segment), and per 1000 pounds milk (F(’M) production (bottom 
segment). The light broken curves indicate the effect when gross energetic efficiency is 
assumed to be the same, namely, 30.4 per cent for all live weights. The continuous 
curves represent the observed data. Profit is defined by the difference between monetary 
return for milk at $2.00 per UX) pounds FC’M and monetary cost of feed at $1.50 per 100 
pounds TDN, ignoring all other expenses. While the profit per unit milk is the same 
in small and large cows, the profit per cow, per stanchion, and therefore for the herd in- 
creases very rapidly with increasing live weight, at the same dairy merit of 30.4 per cent. 

(See also Fig. 22.4a.) The profit per cow in Borland’s table refers to that of milk income 
over feed expenditures (not counting the other 50 per cent of the expenses, for labor, 
etc.). The profit would increase more rapidly with increasing plane of nutrition if the 
other expenses were included, especially labor, since the labor cost of feeding, milking, 
cleaning, etc., is no greater for milking the larger than the smaller amounts of milk. 

Profit, of course, also depends on the relative prices of milk and feed (Table 22.5). 

The high feeding level may, sometimes, have unfavorable long-range effects, such as 
development of mastitis, milk fever, and so on. The actual situation is more complex 
than can be indicated by a table or graph. 
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Summarizing, average dairy animals produce about 80 per cent as much milk energy 
on an exclusive, good, roughage ration as they do on such a ration supplemented with 
about 1 lb grain per 6 lbs milk {FCM), as called for by the Haecker Standard. On the 
other hand, milk production may be increased by about 20 per cent above the level at- 
tained by the Haecker Standard by additional grain. The amount of increase depends 
on the dairy merit of the animal, on her capacity to utilize the extra nutrients (Ch. 5). 
The increased TDN consumption, brought about by increased grain allowance, tends to 
increase the milk yield at decreasing increments with successive feed units in accordance 
with the principle of diminishing increments, but often with increasing monetary re- 
turns. 

22.7 : Summary. Each of the three components (1) dairy merit, (2) body 
size, and (3) plane of nutrition involved in the lactational level, and therefore 

Table 22.5. Suggested grain-feeding schedules for different price relations, based on a 
daily roughage portion of 20 pounds of ordinary hay per 1,000-pound cow* 


Section A Section B 

Pounds daily production of milk, testing— Pounds grain to feed for greatest profit when grain price is— 


3J per cent 
fat 

4 per cent 
fat 

4i per 
cent fat 

5 per cent 
fat 

U times 
milk price 
or 

.07 times 
fat price 

U times 
milk price 
or 

.06 times 
fat price 

Same price 
as milk 
or 

.05 tirncs 
fat price 

J of milk price 
or .04 times 
fat price 

1 of milk price 
or .03 times 
fat price 

11 

10 

9 

8 

2 

2 

2 

3 

4 

17 

15 

14 

12 ; 

4 

4 

5 

6 

7 

22 

20 

18 

16 

6 

6 

7 

8 

10 

28 ' 

25 

23 

21 

8 

8 

9 

11 

13 

33 

30 

27 

25 

10 

11 

12 

13 

16 

39 

35 

32 

29 

1 

12 

13 

14 

16 

19 

45 

40 

36 

33 

14 

15 

16 

19 

22 

50 

45 

41 

37 

16 

17 

19 

21 

25 

56 

50 

45 

41 

18 

19 

21 

24 


61 

55 

50 

45 

20 

21 

23 


■ ■ . — 

67 

60 

54 

49 

21 

23 


Commercial 

dairymen 


1 

1 






seldom feed 

more than 








25 pounds 


* Courtesy U. S. D. Agr., Bureau of Dairy Industry. 


in the profit complex, is defined and analyzed while holding the other factors 
constant. These analyses may be briefly summarized as follows. 

(1) Daii'y merit is defined by the percentage of the consumed TDN energy 
that is converted into milk energy. 

The dairy merit of “good” dairy cows is approximately 25 per cent; one- 
fourth of the consumed TDN energy is converted into milk energy. This 
25 per cent dairy-merit level pays, approximately, for the dairyman’s work, 
feed, and other expenses at the current rate. “Making money” on cows in- 
volves higher dairy merit. '\^Tlat are usually called “superior cows” have a 
dairy merit of about 33%. The following table indicates in roimd mimbers 
the milk (FCM) production for cows of different weight at dairy-merit levels 
of 25 and 33 per cent. 
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Milk Piodviction, lbs ICM^ for Cows of 25 and 33 per cent Dairy Alerit 


Body weight (lbs) 

25% eflicicncy 

33 % efficiency 

/-C’.U/yr 

/-’CM/ /day 

FC.\f/yv 

FCM/dAy 

600 

4700 

13 

7700 

21 

700 

5100 

14 

8700 

24 

800 

5800 

16 , 

9500 

26 

900 

6200 

1" 1 

10600 

29 

1000 

6900 

19 

11600 

32 

1100 

7300 

20 

12400 

34 

1200 

7700 

21 

13100 

36 

1300 

8000 

' 22 ' 

13800 

38 

1400 

8700 

! 24 

14600 

40 

1500 

9100 

25 

15300 

42 

1600 

9500 

26 

16000 

44 

1700 

9800 

27 i 

1 6800 

46 

1800 

10200 

28 ! 

1 1 

1 7500 

48 


Daily merit is apparently independent of body weight as stick. Rats, 
daily goats, and dairy cattle of all sizes ina}^ com'ert up to about 50 per cent 
of the ingested TDN energy into milk energy. Daily cattle do not naturally 
belong to this high-lactation class; they were chosen by jnan because of the 
size, temperament, and grazing qualities; then by selection developed into 
high and prolonged milkers. 

Small cows, especially within the breed, usually have a higher dairy merit 
than large ones. This is because of the tendency to evaluate perfonnance by 
absolute milk production rather than by dairy merit, f.c., b}'* the ratio of milk 
produced to feed consumed; so that onl}^ such small cows survive in the herd 
as produce almost as much as the large ones. If a small animal produces as 
much as a larger one she is more efficient because the small one uses less feed 
for the maintenance of her smaller body. 

It is indicated that the 1700-lb cow that produced the fabulous 1400 lbs 
butterfat in a year, equivalent to about 42,000 lbs 3.3 per cent-fat milk, has 
an appreciably lower dairy merit than the 700-lb cow that produced 26,000 
lbs FCM in a year. Assuming that large cows arc biologically capable of 
developing to the same dairy-merit level as small ones, we shall have 1700-lb 
cows producing the equivalent of about 50,000 lbs FCMy or 2000 lbs butterfat 
in a year, equivalent in temis of dairy merit to the 26,000 lbs FCMy or 1040 
lbs butterfat in a year produced by the 700-lb cow. 

From the viewpoint of dimensional analysis (Ch. 17), dairy merit may bo 
thought of as the intensity factor in the lactational process. 

( 2 ) The capacity factor in the lactational process is body size — not simple 

weight, Wy but lactationally effective body size, which appears to be best 
represented by This means that increasing body weight 100 per cent 

increases milk production by only about 70 per cent. 

, / 61FCM \ , 

(3) A formula is presented I dairy merit ratio = o 173170 . 73 ) 
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a table based thereon, Table 22.2, from Avhich the dairy merit ratio may be 
estimated if FCM and W (body weight) are kno-wn. It is suggested that this 
table be employed for estimating dairy merit. If Table 22.2 is sound, a yard- 
stick is made available for measuring lactational ability or dairy merit inde- 
pendently of body size. Its usefulness in selecting superior dairy animals 

may, perhaps, turn out to be comparable in value to that of the Babcock 
fat test. 

(4) It appears that a good rougliage, without grain supplement, fed ad libi- 
tum to ‘"good” dairy cows, yields abo^it 20 per cent less milk than if the rough- 
age is supplemented with about 1 lb grain per 6 lbs milk (FCM). Supple- 
menting this Haecker-Standard ration by still more grain increases the milk 
production to about 20 per cent above the Haecker Standard-fed cows; but 
the yield increase occurs at decreasing increments in accordance with the 
principle of diminivshing returns (Fig. 5.1). The grain allowance is governed 
by the quality of the cow, relative costs of feed, labor, and miscellaneous ex- 
penses on one hand and the price of milk on the other. 

(5) It was shown by a numerical example, involving payment for labor, 
management, and housing, and when all other conditions are equal, that the 
profit on 1400-lb cows (30 of which arc required to produce 1000 lb FCM at 


30 per cent efficiency) is about 50 per cent greater than on 900-lb cows (42 
of which are required to produce 1000 lbs FCM at 30 per cent efficiency). 
Needless to say, “all other conditions’^ are never ecjual. There are differ- 
ences in market demand and in price; in topography and climate; in ability 
to graze on rolling country and to withstand heat and drought; in clumsiness 
of larger animals; in greater efficiency of smaller animals as a result, not of 
body size as such, but of the more intensive selection that has been practiced 
on the smaller animals, and so on, which may nullify, in part, the above 
generalization concerning the greater profital)leness of large animals. This, 
then, is in the nature of a general rule, and like other general rules has many 
exceptions. The importance of the exceptions to this general rule vill be 
reduced in proportion to the increase in equitable standardization of milk 
quality, standardization in feeding, management, and housing conditions, 
and standardization in selection and breeding on the basis of dairy merit 
(rather than on the basis of absolute milk yield, which is ambiguous because 
of its dependence on body size as well as on dairy merit). 



Chapter 23 

Egg Production: Nutritional and Energetic-Eflficiency Aspects 


Whereas the nourishment milk is produced for mammals in the breasts, 
nature does this for birds in the egg. Aristotle 

23.1: Similarities and differences between egg and milk. Most of the 
discussion in the preceding two chapteis on milk production is applicable to 
egg production. Poultry, like dairy cattle, coin’ert feed stuffs not suitable for 
human consumption into food highly prized in the human diet. While the 
monetary value ofjeggs produced is, in total, less than that of milk, more farms 
produce eggs than milk. p]gg, like milk, is a secretory product of the repro- 
ductive system, and the physicochemical, metabolic, and endocrine mecha- 
nisms of egg production are similar to those of milk production. 

The reliance of the avian embryo on egg nutriment is more absolute than 
of the mammalian infant on milk nutriment, because the infant at birth is 
already in possession of many nutrients stored in the liver and elsewhere. 
The egg must, therefore, be very perfectly adjusted for supporting rapid avian 
growth and development. 

The closed-in, or cleidoic (Needham), arrangement of the egg imposes cer- 
tain characteristics on its nutritional properties. Thus, the cleidoic arrange- 
ment demands that the egg nutriment be very concentrated; since per unit 
bulk, fat is more concentrated calorically than sugar, the egg fuel is in the form 
of fat rather than sugar. 

Because every cell has a cholesterol framework, egg is rich in cholesterol, a 
substance not utilized advantageously in the less rapidly growing, or in adult, 
humans; and some older individuals may have difficulty in disposing of it.^ 

Like milk and meat, egg is an excellent vitamin-mineral-protein supplement 
to the prevailing high-calorie but vitamin-mineral poor bread-potato-sweets 
diet. While egg is more expensive per pound or per calorie than milk, it is 
richer in many supplementary nutrients as indicated in Table 23.1.- Thus 
per pound as purchased, egg contains twice as much energy, fat, P, and 
vitamin B 2 (riboflavin); three times as much protein; four times as much 
vitamin A; eight times as much vitamin Bi (thiamine); and twelve times as 
much iron and copper (Tables 23.1b to c). 

‘This is debatable. For a review of cholesterol in the diet, sec Brody, S., Ann. 
Rev. Biochem., 4, 386-91 (1935). 

* Berryman, G. H., and Cliatfield, Charlotte, J. Aw/., 26, 27 (1943). 

875 



876 


BIOENERGETICS AND GROWTH 


Of course, milk is very much richer in edible calcium and sugar. Market 
egg contains practically no sugar, whereas milk contains nearly 5 per cent of 
the uniquely valuable lactose. Egg is very rich in calciiun— about 2 gm cal- 
cium per egg as contrasted to 1.1 gm per quart milk— but most of it is in the 
shell. The edible part of the egg contains about one-third as much calcium 
as milk. 

There are many ways of comparing nutritive values of foods, and Table 23.1 com- 
pares egg and milk in two other ways— per 100-gm and per 100-Calorie portions. The 
slight discrepancies between the three tables should not be disturbing considering the 
biological variability of the material. (All numbered tables are listed at the end of 
this chapter.) 

The proximate composition values are from Chptfield and Adams;^ minerals from 
Rose and Vahlteich;^ vitamins from Daniel and Munsell/ Fixsen and Roscoe,® Sherman 
and Lanford;' the composition of lOO-Calorie portions from Hawley and Maurcr-Mast,® 
slightly modified. 

The vitamin concentration of egg is sensitive to that in the feed. Thus® vitamin A 
was increased five-fold, D ten-fold, B. twice in eggs of chickens transferred from indoor 
to a blue-grass pasture in the sun. Feeding cod-liver oil increased the vitamins A and 
D in similar manner. The iodine content of egg was increased over lOO-fold by dietary 
method. 

The variations in protein and fat of eggs and their responses to the dietary supplies 
are perhaps of the same order as in milk.^® 

Stiebeling" estimates that about twenty cents of the consumer’s dollar is spent for 
dairy products (which furnish approximately 20 per cent of the Calories in a good diet, 
16 per cent of the protein, 62 per cent calcium, 30 per cent vitamin A, 35 per cent vitamin 
B 2 , 5 per cent vitamin C) and about five cents for eggs (which furnish approximately 
1 .7 per cent of the dietary calories, 4.9 per cent of the protein, 2.7 per cent of the calcium, 

6 per cent vitamin A, and 5 per cent vitamin B^). Milk selling at 14 cents a quart 
furnishes calories at the same price (two cents per 100 Calories) as eggs selling at approxi- 
mately 20 cents a dozen. It is, however, unfair to compare milk and eggs on a cost- 
per-calorie basis, since eggs are not eaten for calories, which are best obtained from 
bread and potato. 

In his encyclopedic “Chemical Embryology,” Needham cites extensive data on the 
variability of eggs in weight and composition. For the present it is sufficient to say 


3 Chatfield, C., and Adams, G., U. S. Dept. Agr. Circ., 549, 1940. 

Rose, M. S., and Vahiteich, E. M., J. Am. Diet. Assn., 14, 593 (1938). 

® Daniel, E. P., and Munsell, H. E., U. S. Dept. Agr. Misc. Pub., 275, 1937. 

® Fi.xsen, M., and Roscoe, H., Nut. Abst. and Rev. 7, 823 (1938). 

’ Sherman, H. C., and Lanford, C. S., J. A. M. A., 110, 1278 (1938), also “Essentials 
of nutrition,” Macmillan, 1940. 

® Hawley, E. E., and Maurer-Mast, E. E., “The fundamentals of nutrition,” Thomas, 
1940. 

® Bethke, R. M., et al.,J. Biol. Chem., 72, 695, 1927; /. Nut., 12, 309 (1936): /. Poultry 
5d.,16, 326 and 336 (1936). 

Titus, H. W., Byerly, T. C., and Ellis, N. R., J. Nut., 6, 127 (1933); J. Agr. Res., 
63,453(1936). 

“ Stiebeling, H. K., Bureau Labor Statistics, U. S. Dept. Labor Serial R409, 1936, 
and “Year Book of Agriculture,” U. S. Dept. Agriculture, 1939. 

** Let 1 qt milk = 700 Cal selling at 14 cents; and 1 doz eggs = 1000 Cal. Therefore 

1000 

a dozen eggs should sell, to give the same price per Calorie, 14 X = 20 cents a dozen. 
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that the iimrkct egg of the doinestic fowl weiglis alxnit two uuneos (55-59 gm), of which 
about 11 per cent is shell, :10 per cent yolk, 59 i)er cent white. We founcl'^ the fuel 
value of the 58-gm egg to be of the order of 90 Cal. Computation from Chatfield and 
Adams^ tabic yields 78 Cal. The average market egg on which Chatfield and Adams’ 
averages are based probably weighs less than 58 gm. 

The yolk weighs about 17.4 gm, the white 34.2 gm, the shell 6.4 gm. The protein 
weighs about 7 gm, the fat 6.7 gm. The white weighs twice as much as the yolk, but 
the fuel value of the white is only one-fourth that of the yolk, because; (1) the yolk 
has 51 per cent solids as compared to tlie 12 per cent solids of white, and (2) the yolk 
solids arc mostly fat (63 per cent fat, 33 per cent protein) as contrasted to white solids, 
practically all protein. (The watery nature of egg white suggests that its function is 
similar to that of the jelly of frog eggs : it is principally a water reservoir for the embryo). 

The following notes outline the reasons for the longer time taken to produce utut 
egg energy than unit milk energy. 

The germ cell (germinal disk when not fertilized, blastoderm when fertilized) and 
the surrounding nutrient yolk are wrapped in the vitelliiie membrane (Fig. 23.1a). 
The yolk is composed of a series of concentric dark and light layers. The dark yolk 
is in turn composed of structural units ranging in size from 0.025 to 0.100 mm in diameter, 
and the light yolk of units up to 0.07 mm. 

The albumen is also made up of several layers. C'losely adhering to the vitelline 
membrane is the dense chalizifcroiis layer connected with the chalazae. This layer is 
surrounded by the “dense white” layer which comprises 40 to 60 per cent of the total 
egg white. This layer is a fibrous meshwork filled with thin albumen. Surrounding 
this fibrous layer is a more liquid mucilagcnous albumen layer. The yolk and albumen 
are packaged in a shell composed mostly of CaCOa (93-98 per cent) lined with outer and 
inner shell membranes. 

Fig. 23.1b indicates the time relations in the oviduct as reported by Warren and 
Scott. The germ and yolk arc formed in the ovary; the albumen, shell membranes, 
and shell in the oviduct. 

When the yolk is fully formed, the follicle housing it ruptures, and the germinal disk 
and yolk system escape into the infundibulum, or funnel, of the oviduct. F’ertilization 
occurs in the infundibulum, and within about half hour of its arrival the egg departs 
for a journey of about 25 hours, travelling slowly through the magnum (about 3 hours), 
isthmus (about IJ hours) . uterus (about 20 hours), vagina (about i hour). Most of the 
albumen, including the chalazae, is secreted in a i)eriod of about 3 hours in the albumen- 
secreting portion of the oviduct, and the remaining in the isthmus and uterus sections. 
The membranes are formed in the isthimis, and the shell in the uterus. 

But the time factor in the formation of albumen and shell in the oviduct is only one, 

Virgil Herring analyzed 5S-gm eggs in the writer’s laboratory with the following 
results, expressed in Calorics: 

combustion value of the whole egg including shell 92.4 

combustion value of egg le.ss shell , 

combustion value of I gm whole, wet egg including shell inoT 

combustion value of 1 gm whole ilry egg including shell 4. J87 

combustion value of 1 gm dry egg not including shell ^ 

It may be noted (Ch. 3) that Murray reported 6.94 Cal per gm dry egg and o.l to 6.1 Cal 
per gm dry chick; Tangl reporte<l 1.69 to 1.73 Cal per gm dry egg. In dietetic practice 
it is customary to assume that the combustion value of a tiozen OKKS js 850 Cal, or 71 
CSi per egg. Our combustion value of a 58-gm egg, namely, 90.5 Cal or w6 C^al^ per 
dozen 

Adams 

1 

Sci , 

“Formation of the egg,” Physiol. Rev.f 18, 481 (1938). 
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perhaps a rehatively small, part of the total time involved in the formation of an egg. 
Little is known about the time relation of yolk and germinal disk formation. “ The 
speed of egg production— and consequently its gross energetic efficiency— may not be 
limited hy the speed of migration in the oviduct, but by the speed of maturation of the 



Fig. 23.1a Structure of the egg. A, shell; B, outer shell membrance: C, inner shell 
membrane; D, air cell; E, outer thin portion of albumen; F, middle jelly-like portion of 
a bumen; G, inner dense portion of albumen; PI, vitelline membrane; I, chalaza; J, thin 
film of white yolk inside of vitelline membrane ; Iv, layers of yellow yolk separated by thin 
layers of white yolk; L, germinal disk; M, central part of yolk filled with white yolk* N 
slender tube connecting center of yolk with region of germinal disk. Each of these struc- 
tures IS in turn made up of smaller structures, as for e.xample, the shell is composed of : 
(a) gelatinous outer coating; (b) outer porous layer; (c) middle granular layer; (d) 
inner crystalline layer; (e) inner face layer, each of different structure. The inner shell 
membrane is a fine cellular structure bound by many intertwining fibres* the outershell 
membrane coarser m structure than the inner, is also composed of fibers, and so on. 
(After E. W. Benjamin, Cornell Agr. Exp. Sta. Bull., 353, 1934.) 


MEAN TIME SPENT BY tCG IN VARIOUS REGIONS OF THE OVIDUCT (HOURS) 



Fig. 23.1b. Time relation of migration of the egg in the domestic fowl. 

ova in the ovary. Fig. 23.1c indicates the migration of the egg in the ovary and oviduct 
as pictured by Mathias Duval in 1889. 


Summarizing, egg as nutriment closely resembles milk as nutriment in its 
evolutionary, nutritional, agricultural, physicochemical, and social-economic 

'^ Rogers, C. A., Proc. Intern. Assn. Instructors mid Investigators in Poultry Ikns~ 

bandryy 1 , 77 (1912), for attempts to investigate the time factor by feeding and injecting 
dyes. 0 4 0 

Lillie, F. “The development of the chick,” New York, 1919; Lippincott, W. A., 
revised by Card, L E “Poultry production,” Philadelphia, 1934; Jull, M. A., “Poultry 
breeding,” New \ork, 1932. » » , , j 
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Fig. 23. lo. The migration of the egg in tlie ovary an<l oviduct as picturtal by Matinas 
Duval in 1889. 1, ovary, witli minute ovules; 2-.T yolk sacs; -1, suture line; 5. empty 

yolk sac; 7, funnel opening iiito oviduct ; iS. yolk in oviduct ; 9, albumen-secreting region ; 
10, albumen being secreted; II, yolk passing through oviduct; 12, germinal disk; 13, 
isthmus; 14, uterus; 15, large intestine; 17, cloaca. On the right-hand side of the figure 
are shown, from the tof) downward: complete egg; yolk of egg incubated for sixteen 
hours; completed egg in uterus— (I) isthmus, (2) glands of uterus, (3) complete egg, (4) 
Vagina, (8) cloaca. 
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aspects. From the standpoint of contemporary nutritional human needs, egg 
is richer than milk in iron, copper, vitamins D, A, and B 2 , and in fat; egg is 
poorer than milk in calcium, sugar, nicotinic acid and vitamin C. 

From the viewpoint of gross energetic efficiency of egg production, it is more 
expensive energetically to produce unit egg energy than unit milk energy for 
the following reasons. While the mammal might be said to dump her rela- 
tively homogeneous milk nutriment into a cistern tapped at will by the infant, 
the bird packages her dietary endowment to the young most elaborately 
(Fig. 23.1a). But it takes time to build an elaborate structure (Figs. 23.1b 
and c); and during this time, the builder must be maintained. Hence the 
maintenance cost is greater, and therefore gross efficiency is less for producing 

unit egg eneigy than unit milk energy. As previously noted, however, egg is 
not consumed for its energy content alone. 

The 1 elation between profit and energetic efficiency is somewhat similar for 
egg and milk production. The relation between profit and body size for egg 
production might be the same physiologically as for milk production ; actually, 
for reasons which will be discussed, it is not. 

In view of the similarities between egg and milk production (physico- 
chemical, physiological, nutritional, social-economic, agricultural) the reader 
is referred to the detailed discussion on milk production in Chapters 21 and 22. 

23.2: Energetic efficiency of egg production.'^ The energetic efficiency of 
egg pioduction is evaluated by the same method as for milk production de- 
scribed in Section 21 .6 \\ ith the aid of the following two basic eejuations : 

Gross energetic efficiency of egg production 

egg calories produced 

feed (TDN) calories consumed including maintenance feed 


Net energetic efficiency of egg production 


egg calories produced 

feed (TDN) calories consumed less TDN expended for maintenance 


(23.2) 


If body weight and composition are assumed to remain unchanged, the 

gross efficiency with respect to TDN (total digestible nutrients) is computed 
from the equation 


Gross energetic efficiency of egg production 


1.6 X egg grams produced 
3 X feed grams consumed 


(23.1a) 


97 s” ^ p'nPSter, H. L., Univ. Mo. Agr. E.xp. Sta. Res. Bull. 
Zloy 19oo. Detailed numerical data are there given. 
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in which 1.6 and 3 are, respectively, the calorie equivalents per gram of whole 
egg and of assumed TDN^» in the feed. 

The net efficiency (not including maintenance cost) is estimated by mathe- 
matical paititioning ot the feed consumed between its three uses: egg pro- 
duction, maintenance, and body-weight gain (or loss). The partition equa- 
tion for egg production is of the same form as for milk production (Sect. 21.6) : 


Feed = Ii{cgg) + ” + DA IF 


(23.3) 


This is a statement of an energy balance l)etween the TD X (feed) consump- 



Fig. 23.2. Influence of body weight on egg (grains) production, and on feed consump- 
tion during 28-day periods anii gross efliciency of egg production of our birds. 

tion on the left side, and egg production, maintenance, and weight-gain on the 
right side. 

The significance of its paramotei'S (/?, C, /),) depends on the accuracy of 
the basic daUi {TDNj egg, live weight, live-weight gains), the size and homo- 
geneity of population, range of data, and method of fitting equation to data. 

We solved the equation 1)}'' the method of least squares, which determines the 

** The rZ)iV was estimated from Morrison’s tables in his “Feedsand Feeding” without 
implying, however, that it is appropriate to estimate TDN for chicken feeds from these 
tables. The use of TDN values, even if of a makeshift nature, is necessitated by our 
comparative viewpoint, as for comparing efficiencies of egg and milk production. 
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values of 5, C, and D so that the sum of the squares of the differences between 
observed TDN and TDN computed from this equation is a minimum. The 
solution consists, as explained in Section 21.6.5, in substituting in three “nor- 
mal equations,” and simultaneously weighting the trends of TDN with each 
of the other three variables (egg, IF, A IF) in such manner as to give a mini- 
mum value for the sum of the squares of the differences. 

The partition equation (23.3) was fitted to 2237 of 28-day periods (Fig. 
23.2) with the following results:*^ 


Feed = 0.692 (egg) -|- O.SOOfFo-^^ + 1.07 A IF (23.4) 

which indicates that 0,692 gm feed was expended for producing 1 gm whole 
egg (including shell) ; 0.30 gm feed was expended to maintain gm body 
weight; and 1.1 gm feed was expended for changing body weight by 1 gm. 
We assumed that the same amount (but of different sign) of feed was involved 
in gaining or losing unit body weight. This assumption Ls subject to criticism. 
Since, however, the fraction of the feed used for body weight changes is rela- 
tively insignificant, the assumption was perhaps justified in the interest of 
simplified computations. 

The net efficiency ^ that is, the ratio of egg calories produced to TDN con- 
sumed above the maintenance and weight-gain cost, is therefore given by the 
relation * 

f j gm egg produced X 1.6 

Net ernciency of egg production = 

gm feed consumed for eggs X 3 


1 X 1.6 
0.692 X 3 


0.77 or 77% 


(1.6 is the caloric value of a gram egg; 3 is the caloric equivalent of TDN in a 
gram feed.) 

The above numerical result means that under the given condition, out of 
100 Cal. TDN consumed above maintenance and above live weight changes as 
computed by us, 77 Calories were recovered in the eggs, and the remainder 
expended for the cost of various intermediate transformations. It may be 
recalled that the net efficiency of milk production with respect to TDN in 
243 experiment-station cows was computed to be 62 per cent. The difference 
between 62 and 77 per cent in net efficiencies of milk and egg production ap- 
peal's to be within the limits of variability of the data and equation constants.*® 

Theoretically equations (23.3) and (23.4) should have an additional parameter 
constant 4, thus: 

TDN = 4 4- B (egg) -f- CIF»-73 + D A IF (23.5) 

Fitting this equation to the data by the method of least squares resulted in the equation 

Feed = 7.77 -h 0.688 (egg) + 0.273 lFo-73 + 1.09 A IF (23.6) 

the constants of which do not differ substantially from those in equation (23.4). The 
standard error of estimate of equation (23,4) is 17.70 and of equation (23.6) is 17.71; 
the index of correlation of equation (23.4) is 0.722, and of equation (23.6) is 0.724, indi- 
cating that leaving out the parameter constant does not appreciably alter the situation. 
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A computation in the following section indicates that the net efficiency of egg 
production is only 54 per cent. 

The net eneigetic efficiency thus apj^eais to be of the same order for egg as 
for milk production; that is, the energetic efficiency of transforming TDN 
into eggs when maintenance cost is not included is of the same order as the 
efficiency for milk production when maintenance cost is not included. It is 
therefoie concluded that the ovciry and oviduct produce c(f(f from egg precursors 
with the same energetic efficiency as the mammary gland produces milk from milk 

precursors. 


It is emphasized that gross efficiency is simply tlio ratio of energy in eggs produced 
to energy in TDN consumed (assuming 1 gm 77>.V has an energy content of 4 Calories); 
no assumptions are involved in estimating gross efficiency except that the body weight 
and body-composition remain unchang(*d, or are properly correcte<l for. Net efficiency 
is, on the contrary, quite involved. The numerical value {>f net efficiency is dependent 
not only on the reliability of the basic data (egg energy produced, 'TDN energy con- 
sumed, gain or loss in live weiglit ) but also on tlie number of l)i rds included in the comput 
tations, range in live weiglit and egg production, homogeneity with regard to relative 
inherited capacities for egg protluction, fattening, maintenance-need levels, etc. 

Instead of o.xpressing net efficiency in the form of percentage energy in the egg pro- 
duced to the assumed TDN energy in the feed consumed al)ove maintenance, it may 
be expressed in the more familiar terms of feed consumed above maintenance per egg 
ordozen eggs produced. Thus from equation (23.4) : 

0.692 gm feed is consumed above maintenance for producing 1 gm egg 

or 0.692 lbs “ “ “ “ “ “ “ lib “ 

since 1 egg weighs about 2 oz, or J lb. Therefore 

0.692 X J = 0.0865 lb feed is consumed above maintenance for producing 1 egg; 
or 

0.0865 X 12 = / .04 Ih feed is consumed above mainlenance for producing a dozen 2-oz eggs. 
Since 2 oz is equivalent to about 57 gm, 

0.692 X 57 — S9 .5 gm feed is consumed above maintenance for producing I egg weighing 

2 oz or 57 gms. 

After our original report‘d was published, our attention was called^® to the fact that, 
employing a different method, Titus^* reported that “the amount of this special feed 
mixture required over and above the maintenance reejuirement to produce an egg was 
estimated as being about 40 grams.’* It is of course gratifying that a practically i<lcntical 
result (40 as contrasted to our 39.5) was obtained independently on otlier data by another 

method. 

Notes on the data. The data on feed consumption, egg production, body weight, 
and body-weight gains analyzed above were secured on a total of 289 birds, 174 White 
Leghorns and 115 Rhode Island Reds, during the course of tliree years (1934-7). A 
total of 2524 28-day observations were made, including 1429 periods on White Leghorns 
and 1095 periods on Rhode Island Reds. However, some of the periods were incomplete 
and were omitted, with tlie result that the f{)IIowing (dliciency computations are based 
on 2237 28-day periods.'^ 


“Titus, H. W., “Food and Life”, Yearbook of Agriculture, U. S. I). Agriculture, 

Washington, p. 802, 1939. 

** Titus, H. W., “The gross maintenance retiuirement of White Ix*ghorns,’* Poultry 

Sci., 8, 80 (1928-9). 
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The birds were kept in individual compartments in laying batteries. Each compart- 
ment was supplied with a feeding box containing the following all-mash mix; 

lbs. TDN* 


Ground corn, 35 pounds 29.3 

Ground wheat, 20 pounds 15.68 

Ground oats, 15 pounds 10.73 

Wheat bran, 10 pounds 7.02 

Alfalfa leaf meal, 5 pounds 2.85 

Meat scraps, 8 pounds 5.46 

Dried butter milk, 5 pounds 4.28 

Cod liver oil, 1 pound 1.14 

^alt, 0.05 pound 

Finely ground limestone, 2.0, pounds 

Total, 101 .5 pounds 76.47 

* Morrison^s Conversion Tables. 


We assumed that 1 gm TDN has an energy value of 4 Calorics, or 1 pound TDN 
1814 Calories. By this assumption 1 gm of this feed mix was computed to be equivalent 
to 3 Cal TDN y or 1360 Cal TDN per pound of feed. Future computations in this chapter 
will be made with reference to feed consumed, equivalent to 3 Cal TDN per gm feed or 
1360 Cal TDN per pound feed. 

The energ>' value of eggs was found by analyzing a dozen No. 1 (58 gm) eggs.*^ The 
fuel value of the egg was found to be 1.6 Cal. per gram whole egg including shell. 

Our data are unsatisfactory in several respects. The housing was very poor — too 
hot in the summer, too cold and drafty in the winter — with resulting unsatisfactory 
health and production of the birds. Of course, the lower the production level the 
greater the maintenance cost per egg produced, and consequently the lower the gross 
energetic efficiency; but this may not influence seriously the net efficiency. This situa- 
tion explains in part the unusually low gross efficiency level of egg production of this 
group of birds, as will be explained presently. 

23.3: Influence of live weight on gross efficiency of egg production. The following 
table (on New Hampshire Red pullets) indicates the method employed for computing 
gross efficiency of egg production. The complete data are given in the original report.*^ 


Date of 28‘day period 

No. of 
birds 
in 

group 

Ave. 

live 

wt. 

(gm) 

Ave. 
daily 
live : 
wt. 
gain 

Eggs 

per 

bird 1 

pc^rUd 

Average daily egg 
production 

Ave. daily feed 
consumption 

% ener- 
getic 
effici- 
ency 
not cor- 
rected 
for 

weight 

gains 

gm/ 

day 

Cal./ 

day 

% pos- 
sible 
produc- 
tion 

gm/ 

day 

TDX 

(Cal./ 

day) 

10/23/37 to 11/19/37 

88 

2282 

4.8 

10.3 

20.0 

32.0 

36.8 

112.0 

336.0 

9.5 

11/20/37 to 12/17/37 

I 73 

2419 

6.9 

9.3 

18.8 

30.1 

33.2 

114.6 

343.8 

8.7 

12/18/37 to 1/14/38 

71 

2544 

1.6 

15.5 

33.6 

53.8 

55.4 

129.9 

389.7 

13.8 


This table shows that this particular group of birds produced eggs at a gross energetic 
efficiency (with respect to the assumed TDN energy in the feed) of 9 to 14 per cent, 
depending on the number of eggs produced during the period. As indicated in Fig, 1.1, 
the gross energetic efficiency of egg production rises with increasing egg production but 
at decreasing increments in accordance with the law of diminishing increments, ap- 
proaching a gross efficiency of 15 to 35 per cent as limit, depending apparently on body 
weight. It appears that large fowls cannot attain as high an efficiency level as small, 
for reasons to be discussed presently. 
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As IS generally known, ami as is illustrated in Figs. 23.3a and b, egg weight and in 
some cases egg number tend to increase with increasing body weight up to a certain 
body-weight level, following which egg number decreases. The body weight of maxi- 
mum production is of the order of 4 lbs in Leghorns and 5i lbs in the heavier breeds, 
as R.I. Reds and B.P. Rocks. Fig. 23.2 shows that the production and gross cfTiciency 
levels of our birds increased up to body weight about 3000 gms (about 6 lbs) in the R.I. 
^ds, and 180() gms (about 4 lbs) in the Leghorns, and then decline. The slight increase 
in efficiency with increasing body size up to these body-weight levels appears to be due 



Fig. 23.3a. Rise in egg number per year with increasing body weight. For the sources 
of the Canadian egg-laying contest data see Dominion of Canada, Dept. Agr. Bull., 139, 

Ottawa. 


not to body weight as such, but to improved nutritional and health conditions of the 
birds. 

It is instructive to compare the efficiency of our birds as indicated in the above 
discussion with those computed from data in the literature. As the published data 
were secured for purposes other than efficiency computations, they lack certain details 
which we shall have to assume. In these computations wc shall assume that 1 gm whole 
egg is equivalent to 1.6 Calorics, and 1 gm chicken feed 3 Calories IDN per gram, or 
1360 Calories TDN per pound. 
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We may first cite data by Byerly, Titus and Ellis^^ lisled in columns 1 to 4 of the 
following table, to which we have appended column 5 giving the computed gross ener- 
geHc efficiency of the egg production. Column 5 indicates that the gross energetic 
efficiency of egg production of 200-egg fowls is only about 14 per cent. Some of the 
food, however, was used for growth, for which no correction was made. 

We also computed (columns 3, 4, 6, 7 in table 23.2) the gross efficiency of egg pro- 
duction of the birds in seven egg-laying contests in Utah.^^ 

no./yr. 



BODY WEIGHT, M 


Fig. 23.3b. Canadian-contcst data continued. 

These results indicate that the overall energetic efficiency of the Utah Leghorns is 
of the order of 17 per cent on a yearly basis, and 19 per cent for the highest production 
period (May-June). These 19 per cent efficiency birds may be considered to be fairly 
high-producing fowl, comparable to the high-producing cows for which wc found an 
overall percentage efficiency of 33 per cent. 

Waiters similarly summarized data for six Maryland egg-laying contests (November 
1925-October 1931). We computed the gross efficiency as before. Egg weights were 

23 Byerly, T. C., Titus, H. W., and Ellis, N. R., J. Agr, Res., 46, 1 (1933). 

2^ Alder, B., Utah Agr. Exp. Sta. Bull. 248, 1934. 

2^ Waite, R. H., Maryland Agr. Exp. Sta. Bull. 359, 1934. 
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not given. ^ We nssunuul that the eggs weiglied 56 grams each. The n'sults given in 
Table 23.3 indicate that the gross eflieiency of egg production varies, among other factors, 

Efficiency of Egg Production Computed from liyculy, Titus anti Ellis 


1 

Diet No. ! 

Eggs produced 
per gram of feed eaten 
after average date 
of Isl egg 

Kck hen per pullel 
year 

('liange In body 
‘ weight ignu 

1 

1 . 

tiross cnergetii 
eflieiency* inol cor- 
rected for ( liange in 
IkkIv weigh O 

1 

0.229 

197.0 

310 

12.2 

2 

1 

0.212 

187.5 

252 

1 1 .3 

3 

0.231 

188.1 

341 

12.3 

4 

0.205 

' 1C8.0 

358 

10.9 

5 

0.172 

145.8 

I -15 

9.2 

6 

0.219 

173.0 

296 

' 11.7 

7 

0.191 

159.5 

81 

10.2 

8 

0.251 

204.5 

365 

13.4 

9 

0.198 

157.8 


10.6 


* Column 5 was computed on the assumption that 1 gm feed is equivalent to 3 Cal., 

, 0 22Q V 16V inn 

and 1 gm egg to 1.6 cal. Thus 1X3 ~ cent. Tiie data are based 

on a 344-day period (Sept., 1929 to Aug., 1930). 

with the size of the birds. The larger tlie birds, the smaller, apparently, th(» gross 

efficiency. 


Summarizing, the yearly gross energetic efficiency of egg production with 
respect to the assumed TON consumed varies greatly, the maximum of 
“good” layem being of the order of 19 per cent. It appeals that above a 
certain body-weight level effieiency tends to decrease with increasing size of 
birds. 

23.4: Influence of production level on gross efficiency of egg production. 

Fig. 1.1 (page 3), based on our data generalized by equation (23.4), represents 
the Junctional relation between gross efficiency of egg production and the 
production level. From this it appeal's that the maximum efficiency, at- 
tained on 300-egg birds, should be of the order of 25 per cent. Does efficiency 

Ggg production actually reach this level? By way of orientation, it is profit- 
able to examine Waite's Maryland egg-laying contest data on egg production 
and feed consumption of bircLs classified by production levels. .\s the egg 
weights are not given in Waite's report we assumed a constant egg weight of 
56 grams. The energetic efficiencies of egg production of three breeds thus 
estimated are listed in Table 23.3a and b and charted in Fig. 23.4. 

Table 23.3b and Fig. 23.4 indicate that “good” layeis, good enough to be 
included in egg-laying contests, have a gross energetic efficiency with respect 
to TDN consumption up to at least 19 per cent. If a pen of birds can produce 
eggs at 19 per cent efficiency, it is probable that individual bircLs may roach a 
25 per cent efficiency level. These data therefore substantiate the curves in 
Fig. 1.1 that the gross efficiency of egg production may rise to 25 per cent. 
(While the distributioiEof the data points in Fig. 23.4 is approximately linear, 
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FEED CONSUMPTION. 



Efficiency as function of egg production and feed consumption levels of the 
Maryland data. 



2345 

eggs/week/hen 

Fig. 23.5. Feed cost per dozen eggs (left axis of ordinates 'and declining curves) and 

total feed consumption per 100 fowb per day (right axis of ordinates and Ling curves) 

for fowls of different live weight plotted from Table 23.4. The eggs were asLmed to 
weign 55 gm. each. 
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the large values of the intercepts indicate that the curves as a whole are para- 
bolic, similar to the curves in Fig. 1.1.) 

Summarizing, the energetic efficiency of egg production, like that of milk 
production, increases with increasing production level in accordance with the 
law of diminishing increments. 1 he energetic efficiency of pens of birds at 
the given egg-laying competitions ranged from about 10 to 19 per cent with 
respect to TDN consumed. Assuming that the net efficiency (not counting 
maintenance cost) of egg production is constant (about 1 lb feed per dozen 
68§s) these 10 per cent differences in gross efficiency are due to differences 
in maintenance tax imposed on the egg. The larger the number of eggs pro- 
duced, the smaller the maintenance per egg, and consequently the higher the 
gross efficiency. 
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Fie. 23.6. Feed consumption as function of egg production number, based 
Maryland egg-laying competition data. 


on the 


23.6: Feeding standard for poultry. From equation 23.4, the feed re- 
quired for egg production is given by the equation 

F = 0.692e (23.4a) 

and the feed required for maintenance by 

F = 0.301F” (23.4b) 

in which F, e, and W are respectively feed, egg, and live weight in grams. 

The maintenance feeding standard for chickens, computed from equation 
(23.4a) is given in Table 23.4 (appendix); the amount of feed required for 
producing egg above maintenance (about 1 lb feed for a dozen 2-oz eggs) was 
previously computed (Sect. 23.2). The two may be combined into one feed- 
ing standard including both feed for maintenance and production, as given 

in Tables 23.4 and Fig. 23.5. 
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The following alternate method comes to mind for estimating the feed cost of main- 
tonance and production for the arcra^e-weight bird. The method is indicated in Fig. 
23.6. Plot feed consumption against egg production. The resulting curve should not, 
theoretically, be linear (the feed consumption should, according to the law of diminishing 
increments, rise more rapidly than egg production) but it appears to be roughly linear; 
therefore fit a linear equation to the data. Consider, by way of example, the curve of 
the Leghorn data : its equations (in various units) show that the feed cost ol maintenance 
(not counting egg production cost) of the average bird is 56.7 lbs a year (or 25.3 kg, or 
76,000 Cal); that the feed cost for producing an egg (not counting maintenance) is 0.122 
lbs (or 55.58, or 166 Cal). The maintenance value, 55.7 lbs feed per year, agrees with 


DOLLAR/y^ar 



Fig. 23.7. Itelation between profit and efficiency. The curves are based on the assump- 
tion that 56-gram eggs are sold at 25i a dozen and feed (containing 1360 Cal. TDN per 
pound) cost S2.00 per 100 lbs., and that there was no other expense or income. Actually, 
about 10 per cent of the income comes from sale of birds; and the expense for feed is 
perhaps only 50 per cent of the total expense which includes labor (^25 per cent), re- 
jdacement (10-20 per cent), depreciation (8-10 per cent), interest (4-5 per cent), taxes 
per cent) , etc. Note from this chart that according to these assumptions, it requires 
a 7 per cent efficiency to cover feed cost, and that the profit increases more rapidly than 
1 he efficiency. 


the values in the feeding standard for chickens (Table 23.4) assuming that the average 
Leghorn chicken weighs somewhat below 4 lbs. The production value, 0.122 lbs, or 
166 Cal, feed per egg is not unreasonable, because it yields a net efficiency of egg pro- 


duction (for a 56-gram egg) of 


56 X 1.6 
166 


= 54 per cent. 


This net efficiency value*^ is 


lower than the average obtained on our own data (77 per cent), but it is identical wdth 
the average net efficiency of milk production of 368 cows (Ch. 21), and the range in net 
efficiency for milk production in several groups of cows is no less than for egg produc- 
tion of several groups of chickens. Fig. 23.6 is, at any rate, informative, indicating 


27 This net efficiency value was confirmed by S. Bird and J. W. Sinclair, Scientific 
Agr.^ 19, 542 (1939), who reported 62% net efficiency. 
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at a glance the relation between feed consumption per year and egg production of several 
breeds of chickens. It is particularly instructive to note that for a given number of 
eggs produced the small birds consumed less feed than the large ones. Thus the 200-egg 
Leghorns consumed nearly 20 jier cent less feed than the 200-egg R.I. Reds, while the 
R.I. Red egg is less than 5 per cent larger than the Leghorn egg. Hence the energetic 
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Fig. 23.8a. The relation between weight of egg and wciglit of fowl witliin the s|)ecie.s. 
The equation indicates that a 100 per cent increase in bod^' weight is associated with a 
13 percent to 19 per cent differential increase in egg weight. Note from Figs. 23.9 and 
15.6 that for mature birds of different species, the egg weight increases not by 13 per cent 
to 19 per cent but by 60 per cent to 70 per cent, at the same rate as tl»e maintenance cost 

increases. 

efficiency of egg production is greater for Leghorns than U.I. if both produce the same 
number of eggs per year. 

23.6: Interrelation between profit, gross efficiency of egg production, body 
size, and egg size. Fig. 23.7 indicates the relation of profit to gross effi(;iencv 
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of egg production; a relation similar to that for milk production (Fig 
22.4a). 

The biologic unit of egg production is, of couree, not the pound or calorie 
of egg, but the individual egg. Consequently, one 'would not expect an in- 


UTIO 



Fig. 23.8b. Since the weight per egg does not increase as rapidly as the maintenance 
cost with increasing body size, the gross efficiency of egg production must decline (if 
egg number is the same). This chart shows that, following a certain optimum body 
weight, the gross efficiency indeed declines with increasing body weight at the differ- 
ential rate of 6 per cent (W. Leghorn) to 18 per cent (R. I. Red) per pound increase in 
body weight. 


crease in egg number but in egg size with increasing body size; and, as demon- 
strated in Fig. 15.6, egg size of mature birds of different species increases, on the 
average, with the 0.73 power of body weight, as does basal metabolism, and 
probably maintenance cost. Within the species, however, for chickens of 
different body weight egg size increases not with the 0.73 but with the 0.15 
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power of body size It follows from this 0.15 power rise in egg size, that if 
maintenance cost of chickens increases with the 0.73 power of body weight 

an egg number remains constant, the energetic efficiency of egg prodjuction 
decreases with increasing body size. 


This situation IS similar to the one we met in the tendency for the gross 
efficiency of milk production to decline with increasing live weight (Sect. 
21.6.4) and for a similar reason : the tendency to select in breeding such small 
bir^ as produce relatively large eggs. The difference in egg size from small 
and large fowl is not sufficient to pay for the differences in cost of maintaining 
small and large fowl, especially if the small fowl is a Leghorn and the large 
fowl is, for example, a Barred Plymouth Rock belonging to the strain repre- 
sented in Fig. 23.8a (which shows that the egg weight from a 7-lb Barred 
Plymouth Rock is the same as that from a 4| lb Leghorn ) . 


BODY WEIGHT. IBS. 



CMS KO 200 300 1000 2000 3000 KXXO 

BODY WEIGHT. X 


Fig. 23.9. While Fig. 23.8a shows that in the same species and breed the egg production 
rises only 13 per cent to 19 per cent for an increase in body weight of 100 per cent, this 
chart shows tnat for closely related but different species — quail, fowl, turkey — the egg 
size increases 58 per cent for an increase in body weight of 100 per cent. 


23.7: Summary. Eggs resemble milk in most respects (evolution as food 
for young, composition, nutritional value, physicochemical and endocrine 
mechanisms), and differ in few, especially in concentration of carbohydrate, 
fat, calcium, iron, copper, and vitamin C. 

The gross energetic efficiency of egg production is below that for milk pro- 
duction, because of differences in time relations of the two processes, but the 
net efficiency, not involving the time element, is of the same order for milk and 
egg production, indicating similar efficiency of mammary gland and ovary 
oviduct systems as energetic transformeis. 

The feed cost above maintenance for producing average (2-oz) eggs, is of 
the order of 1 lb feed for a dozen eggs, or 40 gms feed per egg. The main- 
tenance cost of 100 birds per day is : for 2-lb birds, 9.5 lbs feed ; for 3-lb birds, 
12.8 lbs feed; for 4-lb birds, 15.8 lbs feed ; for 5-lb birds, 18.6 lbs feed ; for 6-lb 
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birds, 21.3 lbs teed; for 7-lb birds, 23.8 lbs feed, and so on as given in Table 
23.5. A feeding standard is pi*esented for birds of different weights producing 
at different levels. Xo alignment charts are given for profit on egg production 
production as were gi^'en for milk production (Univ. Missouri Agi*. Exp. Sta., 
Res. Bull. 239), because such charts were published by Card^^and Byerly.^^ 

23.8. APPENDIX. 

Table 23.1a. Egg Nutrients per Pound, as Purchased. 

(A pound is equivalent to eight eggs or a pint of milk.) 


Foo<l 


Egg 

Milk 

Meat 


Cal. 


G35 

360 

1120 


52 

16 

65 


46 

21 

95 


;Prolein 1 Fat C.H. 
; fpm) I (gm) (gm) 


Vitamin Thi- 
A amine 
(I.U.) (mg) 


0.83 

0.11 

1.87 



Ribo 

Savin 

(mg) 



Nico- 

tinic 

acid 

(mg) 

Ascor- 

bic 

acid 

(mg) 

Fe 

(mg) 

Ca 

(mg) 

0.2 

0 

10.9 

218 

0.4 

4 

0.9 

556 

22.9 

3 

9.8 

41 


P 

(mg) 


l'.<lible part : 
lion eug 
egg wlilte 
egg yolk 
Cow milk 
Cow milk e\ jip- 
orate<l 


Weight 


1 

1 


u 

B 



CO 

1 

1 

1 


1 

C 



o 

*3 

£ 

N 

d 

o 

tc 



Cn 


6.3 

181 

26.0 

148 

5ft 


2.2 42 9.3 

6.4 156 23.5 
.9 13 4.2 

29 4.9 



6 


IIIIIW 



.045-. 075 .2-. 13 — 90-110 

- 

.05 -.09 !i-!5 — 40-130 
.1-.6 3-7 3- 30 
.2 


Calories 

from 



38 62 
97 3 

83 
52 
5 


I 




gra 


Edible part: 
hen egg 
duck egg 
goose egg 
turkey egg 


X .-V 

2 S 
^ &0 
a--" 






























































Table 23.1d. 


Turkey 

Chicken 

Silver pheasant 

Rin^-necked pheasant 

Quail 

Brewer’s blackbird 
Mockingbird 
Tricolored red-wing 
Barn swallow 

*(From V. S. Asmundson, G 


Composition of 

(gm) 

81.8 

55.8 

44.1 

26.7 

10.3 

4.6 
4.1 

3.7 


Eggs of Nine Species.* 

Percentages 

Shell 

••Mbvimen membrane 


Yolk 


31 
30 
39 

32 
30 

19 
17 

20 
27 


.79 

.84 

.66 

.67 

.66 

.86 

.80 

.44 

.36 


57.74 
59.06 

48.70 
56 . 83 
59.77 

72 . 70 
74.39 
71.93 

64 . 74 


1.61 
0.63 
0.68 
0.83 
2.61 
0 . 66 
0.73 
0.82 


Shell 

8.87 

9.46 

11.07 
9.68 
6.96 
6.77 

7.07 


, ,, ^ 6.81 

1-9 2/. 36 64.74 — 7.89 

A, Baker, and J. T. Emlen, 77ie Auk, 60. 37 (1943). | 

Table 23.2. Efficiency of Egg Production Computed from Data on tl.e I tal. S C W 

Leghorns. 


Month 


Nov. 

Dec. 

Jan. 

Feb. 

March 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Total 

Column 


Grain 

(lbs/ 

month) 

Mash 

(lbs/ 

month) 

Total 

(lbs/ 

month) 

Feed 

Calories 

per 

month 

No. eggs 
per month 

Egg 

Calories 

per 

month 

3.54 

2.45 

5.99 

8158 

13.8 

1148 

3.73 

2.29 

6.02 

8199 

13.5 

1123 i 

3 .88 

2.35 

6.23 

8485 

15.4 

1281 

3.51 

2.54 

6.05 

8240 

17.4 

1448 i 

3.99 

3,09 

7.08 

9643 , 

1 20.8 

1 1731 ; 

3,73 

3.27 

7.00 

9534 

: 20.1 

1672 

4.02 

3.11 

7.13 

9711 

22.0 ; 

1 

1830 

3.83 

2.76 

6.59 

8976 1 

20 . 6 

1714 

3.69 

2.89 

6.58 

8962 

19.7 

1639 

3.52 

2.27 

5.79 

7886 

17.6 

1464 

3.50 

1.90 

5.40 

7355 

15.3 

1273 

3.14 

1.38 

4.52 

6156 

11.7 

973 

44.1 

30.1 

74.4 

101305 

207.9 

17296 

1 

2 

3 

4 

5 

6 


Overall energetic 
efficiency 


Ave 


14.1 

13.7 

15.1 
17.6 
18.0 

17.5 

18.8 

19. 1 

18.3 

18.6 

17.3 
15.8 
17.0 
7 


Table 23.3a 


Efficiency of Egg Production Computed from Waite's Marylarul- 

Competition Data. 


Breed 

No. birds 
as No. 
“hen 
years" 

EgK 

production 
per year 

Feed Con- 
sumption 
per bird 
per year 

(lbs) 

Lbs. feed 
consumed/ 
doz. eggs 

Gross 
energetic 
efficiency of 
egg produc- 
tion (‘7o) 

S.C.W. Leghorns 

4781.2 

201 . 1 

80.5 

4.8 

16.5 

R.C, Brown Leghorns 

10.5 

148.0 

61.3 

5.0 

1 15.9 

Ancona 

57.1 

162.0 

73.4 

5.4 

14.5 

Black Leghorns 

11.4 

144.6 

66.0 

5.5 

14.4 

Barred Plymouth Rocks 

459.0 

188.3 

88.7 

5.7 

14.0 

White Plymouth Rocks 

49.4 , 

146.1 

83.7 

5.7 

11.5 

Australorp 

21.7 

180.2 

88.4 

5.9 

13.4 

R.I. Red 

655.6 

181.0 

92.2 

6.1 

12.9 

S.C. Buff Leghorns 

10.7 

121.8 

63.8 

6.3 

12.6 

Lamona 

9.7 

137.4 

74.4 

6.5 

12.2 

Dominique 

90.2 

134.0 

74.6 

1 6.7 

11.8 

Silver L. Wyandotte 

11.5 

151.9 

84.7 

6.7 

11.8 

S.C.R.I. White 

33.0 

149.4 

84.6 

6.8 

11.6 

Andalusian 

21.1 

139.6 

79.8 

6.9 

11.5 

Wt. Wyandotte 

42.9 

138.9 

81.0 

7.0 

11.3 

S.C.W. Minorca 

10.4 

127.4 

80.5 

7.6 

10.4 

Buff P, Rock 

10.7 

116.3 

78.4 

8.1 

9.8 

Mottled Brahma 

10.9 

113.2 

77.2 

8.2 

9.7 

Black Langshan 

10.2 

113.3 

85.5 

9.1 

8.7 

Jersey Black Giant 

9.0 

93.3 

84.0 

10.8 

7.3 


in wane 8 ouiieun me icea values are carnea lo larec uecimais, wnicn we 
abbreviated to one decimal; the egg production is carried in the bulletin to two decimal 
places which we abbreviated to one place. No egg weights were given. The eggs were 
assumed to weigh 56 grams. 

• egg gms. X 1.6 

Efficiency - feed lbs. X 1360 
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Table 23.3b. Efficiency of Egg Production as Function of Production Level. 


Production level 
eggs per year | 

No. birds as No. 
“hen years” 

Ave. weight of 
bird (lbs) 

Feed consumed 
per bird 
(Ibs/year) 

Feed consumed 
per doz. eggs 
(lbs) 

Energetic 
efficiency (%) 

White Leghorns 

117.7 

8.2 

3.61 

69.30 

7.06 

11.2 

137.3 

10.1 

3.40 

71.10 

6.21 

12.7 

145.1 

63.3 

3.21 

70.28 

5.81 

13.6 

156.5 

133.4 

3.60 

76.04 

5.83 

13.6 

165.5 

124.0 

3.54 

75.40 

5.47 

14.5 

174.6 

301.4 

3.55 

77.90 

5.35 

14.8 

185.0 

247.1 

3.57 

77.58 

5.03 

15.7 

194.3 

345.7 

3.49 

79.70 

4.92 

16.1 

204.5 

326.5 

3.56 

80,25 

4.71 

16.8 

214.8 

203.8 

3.58 

82.53 

4.61 

17.1 

225.0 

272.3 

; 3.62 

82.98 

4.43 

17.8 

233.2 

770.1 

3.76 

85.32 

4.39 

18.0 

243.0 

105.9 

3.77 

84.02 

4.15 

19.1 

255.8 

11.4 

3.81 

89.15 

4.18 

18.9 


Rhode Island Reds 


121.4 

29.9 


80.3 

7.94 


138.1 

771.7 


82.5 

7.16 


163.9 

127.5 


91.4 

6.69 

11.8 

190.2 

175.0 


95.0 

5.99 

13.2 

210.7 

133.4 


97.2 

5.53 

14.3 

237.6 

66.5 


97.9 

4.95 



Barred Plymouth Rocks 


148.4 

10.4 


83.6 

6.76 

11.7 

165.2 

139.0 


86.7 

6.30 

12.5 

188.4 

161.7 


88.7 

5.65 


207.7 

79.7 


89.3 

5.16 

15.3 

232.8 

57.3 


94.5 

4.87 

16.2 


Table 23.4. Feeding Standard for Poultry. 
A. In grams feed, or TDN, per fowl per day 


No. eggs 
per 
week 


Body weight, grams 


1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 



50.1 

56.1 

61.8 

1 

55.4 

61.4 

67.2 

2 

60.8 

66.8 

72.6 

3 

66.2 

72.2 

78.0 

4 

71.6 

77.6 

$3.3 

5 

77.0 

83.0 

88.7 

6 

82.4 

88.4 

94.1 

7 

87.7 i 

93.7 

99.5 

0 

37.7 

42.3 

46.6 

1 

41.7 

46.3 

50.6 

2 

45.8 

50.4 

54.7 

3 

49.9 

54.4 

58.7 

4 

54.0 

58.5 

62.8 

6 

58.0 

62.5 

66.8 


62.1 

66.6 

70.9 

7 

66.; 

70.7 

74.9 


67.4 

72.7 

77.9 

83.0 

72.8 

78.1 

$3.3 

88.3 

78.1 

83.5 

88.7 

93.7 

83.5 

88.9 

94.0 

99.1 

88.9 

94.2 

99.4 

104.5 

94.3 

99.6 

104.8 

109.9 

99.7 

105.0 

110.2 

115.2 

105.0 

110.4 

115.6 

120.6 


50.8 

54.8 

58.7 

62.5 

54.8 

58.8 

62.7 

67.6 

58.9 

62.9 

66.8 

71.6 

62.9 

66.9 

70.9 

75.7 

67.0 

71.0 

74.9 

79.8 

71.1 

75.0 

79.0 

83.8 

75.1 

79.1 

83.0 

87.9 

79.2 

83.2 

87.1 

91.9 


Feed 


87.9 

92.7 

97.4 

93.3 

98.1 

102,8 

98.7 

103.5 

108.2 

104.0 

108.8 

113.6 

109.4 

114.2 

118.9 

114.8 

119.6 

124.3 

120.2 

125.0 

129.7 

125.6 

130.4 

135.1 i 

TDN 



66.2 

69.8 

73.4 

70.3 

73.9 

77.4 

74.3 

78.0 

81.5 

78.4 

82.0 

85.5 

82.4 

86.1 

89.6 

86.5 

90.1 

93.7 

90.6 

94.2 

97.7 

94.6 

98.2 

101.8 


102.1 

106.6 

111.1 

115.5 

107.4 

112.0 

116.5 

120.9 

112.8 

117.4 

121.8 

126.2 

118.2 

122.7 

127.2 

131.6 

123.6 

128.1 

132.6 

137.0 

129.0 

133.5 

138.0 

142.4 

134.4 

138.9 

143.4 

147.8 

139.7 

144.3 

1 148.7 

153.1 

76.9 

80.3 

83.7 

I 87.0 

81.0 

84.4 

87.8 

' 91.1 

85.0 

88.4 

91.8 

95.1 

89.1 

92.5 

95.9 

99.2 

93.1 

96.5 

99.9 

103.2 

97.2 

100.6 

104.0 

107.3 

101.3 

104.6 

108.0 

111.3 

105.3 

108.7 

112.1 

115.4 
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No. eggs 
per week** 


0 

1 

2 

3 

4 

5 

6 
7 

0 

1 

2 

3 

4 

5 

6 
7 


9.5 

10.7 

11.9 

13.1 
14.3 

15.5 

16.7 

17.9 

7,2 

8.1 

9.0 

9.9 

10.8 
11.7 

12.6 

13.5 




2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

■ 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 


Table 23.4. Continued 

B. In pound3, feed or TDN, per 100 fowls per day 


Body weight (lbs) 


11.2 

12.4 

13.6 
14.8 
16.0 
17.2 

18.4 

19.6 


12.8 

14.0 

15.2 
16.4 
17.6 
18.8 

20.0 

21.2 


14.4 

15.0 
16.8 

18.0 
19.1 
20.3 

21.5 
22.7 


15.8 

17.0 
18.2 
19.4 
20.6 

21.8 

23.0 
24.2 


17.2 

18.4 
19.6 
20.8 
22.0 

23.2 

24.4 
25.0 


18.6 

19.8 
21.0 
22.2 

23.4 

24.5 

25.8 
27.0 

TDX 


20.0 

21.2 

22.4 
23.6 
24.8 
25.0 
27.2 

28.4 


21.3 

22.5 

23.7 

24.0 

26.1 

27.3 

28.5 

29.7 


22.6 

23.8 
25.0 
26.2 
27.3 
28.5 
29.7 

30.9 


8.5 

A A 

9.7 

10.8 

11.9 

13,0 

14.1 

15.1 

16 1 i 

17 0 

9.4 

A A 

10.6 

11.7 

12.9 

13.9 

15.0 

16.0 

17 0 

17 9 

10.3 

11.5 

12.6 

13,8 

14.8 

15.9 

i 10.9 

17.9 

18 8 

11.2 

12.4 

13.6 

14.7 

15.7 

16.8 

17.8 

18.8 

19 7 

12.1 

13.3 

^ A 1 

14.5 

15.6 

16.6 

17.7 

18.7 

19.7 

20 6 

13.0 

14.2 

15.4 

16.5 

17.5 

18.6 

19.6 

20.6 

21 5 

13.9 

4 4 A 

15. 1 

16.3 

17.4 

18.4 

19.5 

20.5 

21.5 

22.5 

14 « 8 

16.0 

17.2 

18.3 

19.4 

20.4 

i 

21.4 

22.4 

23.4 


Assumed weight of egg 55 grams. 


23.8 

25.0 
26.2 
27.4 
28.6 

29.8 

31.0 
32.2 


18.0 

18.9 

19.8 

20.7 

21.6 

22.5 

23.4 

24.3 


25.0 
26.2 

27.4 
28.6 
29.8 

31.0 
32.2 

33.4 


18.9 

19.8 

20.7 

21.6 

22.5 

23.4 

24.3 

25.2 


26.2 

27.4 
28.6 
29.8 
31.0 
32.2 

33.4 
34.6 


19.8 

20.7 

21.6 

22.5 

23.4 

24.3 

25.2 

26.2 


Data on the poultry and egg industry in the U. S. A. 



Year 

1 

i 

1 

Millions on farm 

4 

Production billions per year 

Consumption per capita 

I>er year 

Cash farm income 
million $/yoar 

Chickens 

1 

Turkeys 

Chickens 

Turkeys 

Eggs 

1 

Chickens 

Turkeys 

Eggs 

Poultry 

Eggs 

lbs 

lbs 

no 

lbs 

lbs 

no 

1930 

1936 

1940 

1941 

469 

404 

438 

423 

6.0 

5.7 

8.6 

7.3 

2.6 

2.5 
2.2 

2.6 

0.23 

0.41 

0.51 

0.53 

43.0 

38.0 
43.5 
45.9 

21.6 

19.0 

18.9 

20.3 

1.8 

2,7 

3.6 

3.6 

331 

289 

319 

316 

317 

342 

448 

485.1 

464.7 

658.0 


Chapter 24 

Energetic Efficiency of Muscular Work and Indices of 

Work-Reserve Capacity 


The horse raises what the farmer eats, and eats what the farmer raises. 

But you can’t plow in the ground and get gasoline. You don’t have to pay 
a finance company 10 or 15 per cent to own a horse. Brood mares work on 
the farm and raise colts as well. Will Rogers 

24.1; Introduction. Agriculture has tended to follow the lead of industry 
in ever greater reliance on the free energy (Ch. 2) of petroleum and coal. 
The horse population has been declining,^ the tractor population rising. 
There are several reasons for this trend in addition to the rapid progress in 
machine design. One is competitive overproduction of petroleum. 

Petroleum fuels in most of Europe are too expensive for agricultural use, 
and America, too, is passing, or soon will be, from an economy of petroleum 
abundance to one of scarcity, perhaps reversing the present power trend in 
agriculture, in spite of the current hopes^ for developing inexpensive petroleum- 
fuel substitutes. 

Some countries, notably Germany, aware of the dwindling fuel oil, under- 
took to compensate in part by what is knowm in Europe as ‘‘work rationaliza- 
tion”^ and in this country as “scientific management”^ and “efficiency en- 
gineering.” Systematic investigations have been organized on the physiology 
of work, especially in Germany. The Kaiser-Wilhelm Work Institute in 
Dortmund® (Fig. 24.22) was organized with this philosophy in mind. This 

' There are in the United States about 12 million working horses and mules and about 
2 million colts. This is less than § of the horse and mule population of 1920. The work- 
animal power is being replaced by petroleum-power machinery for which about a billion 
dollars was spent in 1937. While the replacement of horses by machines is rapid on the 
larger farms, yet perhaps J of the U. S. farms — naturally, the smaller units — are operated 
by horse and mule power. 

2 There is no precedent for this hope, since with the exception of the relatively negligi- 
ble hydroelectric developments, our dazzling material progress and discoveries have 
been based not on developments of renewable energy, but on exploitation of non-renew- 
uble “free energy” stored through the past ages. The use of alcohol, vegetable oils, 
peat and coal derivatives as fuels will be even more expensive in the future than they 
are at present. For other possibilities, see Ch. 25. 

3 Atzler, E., und Lehmann, G., “Rationelle Arbeit.” Kaiser-Wilhelm Institut Fur 
Arbeitsphysiologie, Dortmund, Hindenburgdam 301. Urwick, L., “The meaning of 
rationalization,” London, 1929. 

^ Taylor, F. W., “The principles of scientific management,” Harpers, 1919. Copley, 
F. B., “F. W. Taylor, Father of scientific management,” Harpers, 1923. 

* Atzler^, The journal Arbeitsphysiologie^ Berlin (Julius Springer); “Korper und 
Arbeit, Handbuch der Arbeitphysiologie,” Leipzig (Thieme), 1927. 
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Pl>y-si..lof.y of work of man. An institute for 

( he time of the writers visit to Germany in 1931) in Pommiitz, near 
Breslau In Budapest Fa rkas- and associates were investigating the physi- 
ology of work of farm laborer. Russia was organizing a number of work in- 
Stitut^.s as was Czechoslovakia.^ While tlie energetics of work has been 
investigated in France since the time of Lavoisier, it was onlv by 1930 ap- 
parentl^y following Germany’s example, that a special work institute wa.s or- 
ganized in Pans.*'' An “Industrial Fatigue Roard” has been organized in 
London. “ 

The interesting a.spect of the “scientific management’’ or “efficiency en- 
gineering’’ movement, which originated in the Fnited States, is that its physi- 
ologic aspects have been developed mostly in Europe. With the exception 
of the Harvard Fatigue Laboratory, there is no institution in this countiy 
expressly devoted to the physiology and long-range efficiency of musculai- 
work, certainly not of farm animals. It would seem that some pro\ ision 
should be made for research in this practically important and scientifically 
fascinating virgin field. Homes and mules are economical to the farmer in 
monetary cost and to the nation in “free energy’’ cost ; they are especially 
desirable when ready cash is .scarce and feed suitable for homes is plentiful, as 
is the case during our periodic depressions. 

While it is theoretically ea.sy to double or Irijile tlu' avmage productivi' 
level of dairy cattle by merely utilizing available knowledge (Ch. 22), this 
cannot be .said for improving the work capacity of homes becaus(> of lack of 
comparable knowledge for muscular work. We have learned to measure 

t 

“Derlitzki und Huxdorf, “Laiidarbeit wird crforsolit,” Die 34, 523 (I93ft) 

rluxdorf, ForlHchritte der LandwirUchaft, 6, 290 (1930). 

’Parkas, et al., ArheilsphysioL, 1, 466 (1929); 3, 46S (1930); 6. 134. 549. 569 (1930) 

•Simonson, E., Klin. Worhenschr., 10 (1931). 

® For the design of a Work Institute in Czechoslovakia sec Institut pour reconoinie 
du travail dans d’agriculture, pres I'Academie Masaryk du Travail. IV. Congres 
International ^organization scientifique du Travail, Paris, 1929. Sec also: Institute 
for the Economy of Labor, Prague High School of Agriculture and Forest Kngineerinc 
at Uhrineves. 1930. 

- ^“.Laboratoire de Physiologic du Travail. Conservatoire National des Arts ct 
Metiers, 292 Saint-Martin, Paris. This laboratory published the journal Le Travail 
humaine. 

publications: Cathcart, E. P., ct al.^ *‘The pliysiquc of women in industry, 
a contribution toward the determination of their optimal load.” Great Brit. Diduslrial 
Fatigue Board Pub.^ 44, 1927. Hill, L., el al.^ *‘Thc kata-therinometer in studies of body 
heat and efficiency,** Great Brit. Med. Res. (’ouncil, London, 1923. Vernon, IT. M., 

0 ^, “Rest phases in heavy work.” Med. Rea. Councily InduMrial Fatigue Bd., No. 

41, 1927, and so on. 

For some work there accomplislictl see the following review l)y its director: Dill, 

D. B., **Thc economy of muscular exercise.” Physiol. Rew, 16, 263 (1936). Dill, 
Life, heat and altitude.*’ Harvard University Pn'ss, I93S. Many papers hy Dill 
are reviewed in this Chapter and in Chapters 11 and 6. 
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precisely milk production capacity but not work production capacity, and 
we cannot improve a characteristic by breeding if we cannot measure it. 

There is an obvious need for developing methods and their use for measuring 
quantitatively and precisely actual work performance and potential work 
capacity, and the influence of environmental and hereditary factors, including 
age, body size, sex, nutrition, climate, and so on. It is particularly desirable 
to develop potential work-aptitude tests in the animals when they are still 
young, analogous to the intelligence and other aptitude tests and quotients 
employed on children. 

The following sections describe some contributions we have made*^ toward 
measuring work performance and capacity and their relation to the available 
knowledge in the literature. 

Broadly speaking, muscular work may be divided into (1) thermodynamic 
and (2) physiologic aspects. The thermodynamic aspect is concerned mostly 
with energetic efficiency, preAdously discussed in outline (Chs. 1, 2, and 3) 
and here discussed in detail. Some physiologic aspects were likewise pre- 
viously discussed, especially anaerobic oxidative metabolism in muscular 
work (Ch. 6), hormonal (Ch. 7), nutritional (Ch. 20), and temperature and 
humidity aspects (Ch. 11); oxygen transport as index of work capacity is 
here discussed for the firet time. 

24.2; Work performance and its energetic efficiency. Work -performed, 
formally defined by the product of weight, W, by the distance pulled was 
measured with a treadmill actuated by a S-hoise power motor (Figs. 24.1, 
24.2, 24.21). The rate of energy expended was measured by the rate of oxygen 
consumed.'* In addition to the treadmill-closed-circuit metabolism apparatus 
illustrated in Fig. 24.21 used indoors, we also employ an ergometer-open-circuit 
apparatus used outdoors as illustrated in Fig. 24.23. This field apparatus con- 
sists of a weight ergometer modified after the Collins and Caine“ ergometer, 
and an open-circuit apparatus for measuring and aliquoting the exhaled air, 
similar in principle to an earlier laboratory apparatus (see page 336). Fig. 24.23 
shows how the ergometer is mounted on a trailer pulled by a motor car which 
also carries the open-circuit metabolism apparatus. The animal pulls a de- 

“ Laughlin, H. H., Sci. Monlhhj, 38, 210 (1934): “We have not learned to measure 
the physiological entity called racing capacity in horses.” This is still more true as 
regards work capacity. 

“Procter, 11. C., Brody, S., Jones, M. M., and Chittenden, D. W., “Efficiency of 
work in horses of different ages and body weights.” Univ. Mo. Agr. Exp. Sta. Res. 
Bull., 209, 1934. Brody, S., and Cunningham, R., “Comparison between efficiency of 
horse, man, and motor, with special reference to size and monetary economy.” Id., 
Res. Bull., 244, 1936. Brody, S., and Trowbridge, E. A., “Efficiency of horses, men, 
and motors,” Id., Res. Bull., 383, 1937. Kibler, H. H., and Brody, S., “An index of 
muscular work capacity.” Id., Res. Bull., 367, 1943. 

“ For details, see Chapter 12, where it is explained that the thermal value of oxygen 
ranges from 4*7 to 5.1 Cal per liter, but that it is convenient to assume that it is 4.825 
Cal per liter. 
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*11 yi 1 1 at the pace set by the car, just as on the tread- 

mill (Figs. 24.1 and 24.21) the animal pulls desired weights at the pace set 
by the treadmill apron actuated by an electric motor. 


The umtof work is the kilogram-meter; or the foot-pound, which is the work done 
by a force of 1 pound acting through a distance of 1 foot. Thus if a force of 1 pound is 
required to raise a window 1 foot, 1 foot-pound work is done in raising the window 
A horse pulling on 150 pounds (as in Fig. 24.1) 2.5 miles (that is 13200 feet) accomplishes 



ThROTTLE VALVE. 


ROTARY GEAR OIL PUMP 



MOTO. 


GEARING TO DRIVE 
MOVABLE PLATFORM 


Fig. 24.1. Measuring work efficiency. Work consisted in pulling weight, W, on 
a moving horizontal platform actuated by an electric motor at desired speeds; energy 
cost was computed from the rate of oxygen consumption from tank O?. 


I 
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150 X 13200 = 1,980,000 foot-pounds, or 642 Calorics of work. One ft-lb = 0.1382 Kg- 
meters = 0.005 ft-ton = 0.000324 Cal; or 1 Kg-m = 7.233 ft-Ib == 0.002344 Cal; or 1 Cal = 
426.4 Kg-ni = 3087 ft-lb. (See Sect. 2.4 for other energetic equivalent values.) 

Efficiency is the ratio of the Calorie equivalent of work energy performed 
to Calories expended. Thus a horse pulling 150 pounds (as in Fig. 24.1) 
2.0 miles (that is 13,200 feet), accomplishes 150 X 13200 = 1,980,000 foot- 
pounds, equivalent to G40 Calories. If the hoi-se consumed oxygen equivalent 
to 3210 Calories for perfonning this work, the energetic efficiency of the work 
i.s 042 '3210 X 100 = 20 per cent. 



Fig. 24.2. Photograph of 1500-lb. 4-year Percheron gelding 19 and of 3-vear old 600-lb. 
Shetland Pony 2 which furnished the bulk of the data. 


HorA* rate (work per unit time) is measured in watts, kilowattvS, or most commonly in 
this country in horse power. A horse power is work done at the rate of 1,980,000 foot- 
pounds per hour, or 33,000 foot-pounds per minute, or 4562.4 kg-meters per minute; or 
at the rate of 642 Calories per hour or 10. t Calories per minute. A horse power is equiva- 
lent to approximately J kilowatt or 746 watts, and a kilowatt is equivalent to approxi- 
mately IJ horse power. 

Work rate combines three factors into one: load, distance, time; or speed and load. 
For instance, a work rate of one horse power or 33,000 foot-pounds per minute is ob- 
tained when the animal pulls in 1 minute 1 pound for 33,000 feet, or 33,000 pounds for 
1 foot. The product is, in both examples, 33,000. 


Ak previouyly explained (eqs. in Ch. 3) we adopted three energetic efficiency 
categories: gross, net, and absolute, as defined by the equations: 


Gross efficiency 


work accomplishe d 
energy e.xpended 



efficiency = ^-Ork accomplished 

energy expended above that at rest 



Absolute efficiency work accomplished 

energy expended above that of walking without the load 



I 
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The Gn6igy expended (dGiioniinutor) is in ull cuscs mousui'cd l)v the rutc oF 
oxygen consumption, that is, by the rate of oxidation of the metalMdites. Tlie 
energetic efficiency of muscular work here discussed thus has a different sig- 
nificance than the energetic efficiency of milk production or egg production 
discussed in the preceding chapters. In the preceding chapter's the efficiency 
is with reference to the nutrients {rDN) consumed by the animal; in this 
chapter it is wth reference to the metabolites oxidized in the body as measured 
by the mte of oxygen consumption (Ch. 12). The energetic efficiency jvith 
reference to the oxidized metabolites is, of coui'se, greater than it would be 
with reference to the energy of the consumed feed, because there is consider- 
able waste in converting feed into body metabolites, and this waste, charged to 
the animal, would reduce the overall computed efficienc 3 ^ 

It is instructive to compare the energetic efficiency of various transformei's. 
The following energetic-efficiency values are from Hill:*'’ 

Steam engines without condensers 
Steam engines with condensers. . . 

Gas engines 

Diesel engines 

Needham*' quotes the following figures : 


Locomotive steam engine, not over 15% 

Gas engine with suction producer 25% 

Diesel engine, best recorded efficiency with high maximum pressure 10% 
“Electric accumulator” 70 to 74% 


The overall or gross energetic efficiency of farm tiuctors used in the ^Middle 
West (United States) is for the ignition-typ^*® about 19 per cent at the belt, 
or 13 per cent at the diaw-bar;*^ for Diesel type,*^ 26 per cent at the lx?lt or 
22 per cent at the draw-bar. 

As explained before (eq. 2.5) the energetic efficiency of a slow-charging or 
discharging cadmium standard cell (an isothermal, or constant-temperature, 
process) is nearly 100 per cent; but the maximum energetic efficiency of the 
heat engine (which operates by virtue of temperature gradient) is, at the usUal 
temperature^ about 50 per cent for the theoretical Carnot engine and very 
much below this for actual engines as quoted above from Hill and Xeedham. 

/ 

A. V., “Muscular movements in man.” 

” Needham, J., “Chemical embryology.” .. w , 

** The ignition type engine has an electrical ignition system and burns rehned fuels, 
such as gasoline; the Diesel type engine does not have an ignition system, the heat of 
compression ignites the fuel of a lower grade, such as fuel oil. 

“ In the “belt test,” the tractor serves as a stationary engine supplying power to 
rotating machinery through the power take-off and a belt driv^e. In the “draw-bar” 
test the tractor pulls a known load, as measured by the draw-bar pull and the speed. 
The draw-bar efficiency is naturally lower because the tractor expends energy pulling 
itself over the ground. 


71 % 

9 to 19% 
14 to 18% 
29 to 35%. 
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Animals are, of course, not heat engines (Chs. 2 and 3) but isothermal con- 
verter, yet their maximal energetic efficiency is clcse to that of heat engines, 
about 25 per cept for gross efficiency (eq. 3.1), 28 per cent for net efficiency 
(eq. 3.2) and 35 per cent for absolute efficiency (eq. 3.3). The efficiency of 
the modern Diesel engine is about 40 per cent. 

As before explained (Ch. 3), just as the theoretically (thermodynamically, 
Ch. 2) maximal efficiency of the Carnot engine is only about 50 per cent, so, 
accotding to Hill,^® the theoretically maxunum efficiency of a contracting 
muscle (an isolated frog-muscle strip) is approximately 40 per cent. Hill’s 
theoretic efficiency is analogous to our absolute efficiency (eq. 3.3). 

Assuming a theoretic 40 per cent efficiency of muscular work, what becomes 
of the lemaining 60 per cent of the energ}'? Some is expended for overcoming 
exteinal lesistance (■wind, contact of feet with ground, etc.) ; some is expended 
for useless incidental motions associated with work, and so on. Most of the 
eneigy is, ho^\ever, expended for overcoming the intemal resistance, the 



u 

2oO 


15 


Fig. 24.3. Rise and decline of the 
net efficiency (not including main- 
tenance, eq. 3.2) of climbing 78 steps 
with increasing climbing speed. 
From data by H. Lupton, J. Physiol., 
67, 337 (1923). 


resistance of the body colloids. This internal resistance is energetically 
wasteful but biologically useful because without it the animal would “tear 
his tendons, break his bones, ‘pull’ his muscles, strain his joints’’.^ 

A distinguishing characteristic of animals is that they expend energy even 
when not performing external work because the intemal work— the mainte- 
nance cost— goes on regardless of external activity. Hence the all-day ener- 
getic efficiency of animals varies with the number of hours worked (Fig 
24.10a to 24.1Cc). 

Then, too, the slower the speed of work, the longer the time taken for hold- 


ing the muscles in a state of unproductive tension, that is, the greater the 
maintenance cost per unit work. On the other hand, the greater the speed 
of work the greater the energy cost in overcoming intemal resistance to the 
muscular contractions of the viscous colloids which make up the body. The 


=0 Hilf' and Ch. 3. 
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efficiency of muscular work as function of speed may, therefore, be expected 
to be of a lising and declining type^' (Fig. 24.3), resembling the rising and 
declining course of efficiency as function of speed in tlie automobile (Fig. 24.4). 

We have not observed such a rising ami declining curve for farm work 
horses pulling loads at speeds ranging from 1.15 to 3.1 miles per hour as 
graphed in Fig. 24.5a and b. dhe highest walking speed was too low to bring 



‘‘Efficiency of climbing 78 steps. Plotted from data by Lupton, H., J. Physiol., 
67, 337 (1923). Benedict and Murschhouser, H., Carnegie Inst. Publ., 231, 1015, likewise 
found an optimum speed for walking as sliown by the following table: 

Meters walked per minute 53 60 80 90 102 140 146 

Calories expended per min 64 58 52 

See also Benedict and Parmenter, Am. J. Physiol., 84 , 675 (1028), and Benedict and 

Cathcart, Carnegie Inst. Wash. Publ., 187, 1913. 



906 


BIOENERGETICS AND GROWTH 


out the declining phase of the curve. Attempts to increase the rate of walking 
beyond 3.1 m.p.h. for 1500-lb horse 19, or 2.2 m.p.h. for 700-lb pony 2, changed 
the walking into trotting, which we wished to avoid, partly because under 
working conditions loads are pulled by walking rather than trotting, and partly 
because of the danger to horse and treadmill in case of breakdown. 

The highest rate of w'ork at the walking speed of horses may be too low to 
bring out the efficiency -depressing effect of the internal friction observed at 
higher speeds of movement. In such case it would appear that the higher 
the mte of work the higher w'ould be the immediate energetic efficiency of work 
(Fig. 24.5a). The maximum loyig-range or life-time efficiency, however, 


% 



SPEED DRAFT 


P'ig. 24.5b. Influence of pulling speed for given loads, and of load for given speeds 
on gross efficiency. Gross energetic efficiency rises with increasing speed and load 
(between the given limits), but the rises are at decreasing increments. 

involves liberal rest periods and moderate w'ork rate. One of the problems 
of “scientific management” or “w'ork rationalization,” whether it be of man, 
cow% or horse, is to determine for animals of given productive capacity the 
work level for maximal long-range efficiency. 

Machines are not usually run at more than 50 per cent of their capacity, 
and a similar safety margin should perhaps be allow'ed to man and animals 
so as to avoid injury or untimely death. The problem in w’ork rationalization 
is to determine the maximum rate of work that can be carried on day in and 
day out and still retain vigor to an advanced age. A tentative recommenda- 
tion for the average horse in Missouri is a tractive draft equal to 10 per cent 
of body weight pulled at about 2J miles an hour .22 This will usually amount 

22 Collins, E. V., and Caine, A. B., Iowa A. E. Sta. Bull., 240, 1926, reported that it is 
possible for horses weighing 1500 to 1900 lbs. to work continuously (10 hrs. a day) at a 
rate of 1 horse power; or that it is possible to exert a tractive effort of 1/10 of their 
body weights and travel a total of 20 miles per day without damaging fatigue. 


i 
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to w’ol'k at the rate ot about -l kilowatts or l boi-so power (33,000 foot- 
pounds or 10.7 Cal per minute). 

Pig. 24.6a shows that while homes ean pull loads at least up to 35 per cent 
of body weight, increases in efficiency become negligible after the draft exceeds 
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Fig. 24.6a. Gross or overall efficiency niul oxygen consumption plotted against horse- 
power. The oxygen consum{)tion or energy expense increases directly (linearly) with 
increasing rate of work; the efficieney, however, imrreases at decreasing increments (ex- 
ponentially) w'itli increasing rate of work. l'V>r a given horse power the o.xygen con- 
sumption per unit time decreases, and overall efficiency increases with decreasing speed. 

15 per cent of body weight : the rise in energetic eflieiency with increa.siiig work 
rate follows the law of diminishing returns (Ch. I ). AVhen homo 19 works at 
i home power, his efficiency is 121 per cent ; doiihling the work rate to I home 
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power does not double his efficiency to 12§ X 2, or 25 per cent, but only to 
18 per cent; at 2 hoi'se-power, his efficiency is not 12§ X 4, or 50 per cent, 
but only 22 per cent; at 3 horse power his efficiency is not 12f X 6 or 75 per 
cent, but only 24 per cent. In other words, the efficiency lags increasingly 
behind the increase in work rate. Hence the work rate should not increase 
beyond the point at which the curve begins to flatten decidedly, beyond about 
1 horse power, which is the customaiy rate of work for the 1600-lb horae. 

Within the speed limits investigated — that is, 1.1, 2.2, and 3.1 miles per 
hour — the slower the speed (with a compensatingly higher load) for a given 
horse power the greater the energetic efficiency of the work. Thus at a 
working rate of 1 hoise power, the efficiencies for horse 19 were; 17 per cent 
for 3.1 miles per hour; 19 per cent for 2.2 m.p.h.; 21 per cent for 1.15 m.p.h. 



Hence fiom the standpoint of highest energetic efficiency, work horses are 
more efficient working at a givcti horse power at a slow speed pulling a heavy 
load than at a high speed pulling a light load, perhaps because the energy 
losses of overcoming the colloidal resistance of the muscles increase more 
rapidly than the speed of walking. However, the total energy cost for 
accomplishing a given job is less at a higher speed because of the saving of 
maintenance expense resulting from the reduction in the time required to 
complete the job (provided that the increased time required for recuperation 
following work at a higher speed is not included in the expense). 
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*' overall or gross efficiency of muscular work is 
plotted against the ratio of the rate of work (ho.^e power) to body weight 

the data for all animals and speeds fall on the same exponential curve 

E = .1 - «c-*n 


in which E is gross energetic efficiency at the ratio, R, of horse 

weight. The increase in efficiency occui's at diminishing inc 
nentially (Chs. 5 and IG). 


power to body 
rements, expo- 


If, however, the gross efficiency is plotted against hoise power (rather than 
apinst the ratio of home power to body weight) each speed and each animal 
yields an exponential working curve different from the other curves. 

While the graph of efficiency as function of work rate is exponential, that 
of absolute energy expense against work rate is linear. The equations, given 
on the charts, show that the limiting or maximal gross energetic efficiency 
of muscular work in homes is 25 per cent, and that this ma.ximum is approached 


toooo 



3 LBSo 



2C» 400 HPO 

DRAFT 


1 2 i 

ORSE-POWER. 


Fi^. 24.7. The rate of energy expenditure (Calorics, left axis, and pounds TDN, right 
axis) increases directly (linearly) with increasing sjieed, draft, and horse-power. 


exponentially. At the upper limit of our work schedule our larger horses 
(1500-1G00 lb) are seen to have consumed oxygon at the rate of 30 litere a 
minute, equivalent to an energ^-^ expenditure of 150 Calories a minute, which, 
^ will be presently shown by Dili’s result, is six times tlie maximal oxygen 
consumption in 150-lb man. 

Fig. 24.7 shows the influence of speed, draft (load), and home power on the 
i*ate of energy expenditure. At the upper limit of our work schedule our 

** For detailed mathematical properties of these curves see Univ. Mo. Agr. Exp. 
Ota. Res. Bull., 244. 
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largest horse expended energy at the rate of about 9000 Cal/hr, equivalent to 
about 5 lb TDN/hr. 

In computing the three categories of efficiency, gross, net, and absolute 

(eq. 3.1 to 3.3), it was necessary to measure the energy costs of standing and 
of walking. 

Ihe energy cost ol standing above lying is about 9 per cent in man,^^ cattle 
and sheep. One unusually heavy steer had a 13 per cent heat increment of 
standing above lying.-^ The ventilation rate was increased by the same 
percentage but the pulse rate^^ increased only 3 per cent. Hoi'ses are unique 


SPEED 



SPEED 


lig.^.Sa. 'Ihe percentage increase of walking over standing metabolism as function 
of speed. The light circles represent Smithes data on humans to which we have fitted 
(by method of least squares) the equation. The other data are original. 


in not having a heat increment of standing; they do not spend more energy 
during standing at maturity-® or during growth.-^ This is because horses 
have unusually powerful suspensory and check ligaments, and horses appear 
to rest and indeed sleep as comfortably while standing as while lying. 

Walking consists in successive lifting of the body and the energy cost of 
walking should vary with the weight of the animal and the speed of walking. 

Benedict, F. G., and Johnson, A., Am, Phil, Soc., 68, 89 (1919). 

!! ® » Bull., 180, 1933. 

« Winchester, C. F., Science, 97, 24 (1943). 

27 Brody, S., and Kibler, H. II., Univ. Mo. Agr. E.\p. Stii. lies. Bull., 368, 1943. 
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We investigated t liorses laiisinR- in weight Croni 200 to 1500 II) (91 to 
088 Kg) ; 7 cattle, 850 2000 II, (383 930 Kg) ; a,.,l 2 70 7^)4 wl 

Sm th s data- on walking ,n man. Fig. 24.8a .sliow.s that • in man the per- 
centage increase m heat prodnetion during walking over .standing varies 
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directly with the speed, given by the eciiiation V — 74iS, in which }' is the 
percentage increase in heat production and *S is .speed of walking in miles per 
hour. At one mile per hour, the heat production is 74 per cent above standing; 
at two miles per hour, it is 148 per cent alM)ve standing, and so on. 4’he 

“Hall, W. C., and Brody, S., Id., Res. Bull., 208 (1934). 

Smith, H. M., Carnegie Inst. Wash. Publ., 309, 1922. 
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percentage increase in cattle is of the same order as in man, but in horses it 
is less than in man. 

As regards the caloric cost of walking, the upper chart in Fig. 24.8b shows 
that the overall cost (including the rest-maintenance component) per unit 
live weight decreases with increasing speed approaching 39.7 Calories per 
100 lb. per mile as limit, as indicated by the equation 

Y = + 39.7 

in which Y is Cal/100 lb wt/mile, and S is speed of walking. The higher the 
speed the less the overhead charge per unit ground covered and, therefore, 
the less the overall cost. If, however, the rest-maintenance item is not in- 
cluded in the total cost, the cost of walking is independent of speed. In terms 
of Calories per 100 lb live weight this nel^^ energy of walking one mile is, in 
round numbere, 40 for humans, 33 for cattle, and 28 for horees. (In terms of 
gm-cal per kg-m it is 0.544 for humans, 0.452 for cattle, and 0.385 for horses.) 
These values (per unit live weight and per unit horizontal distance walked) 
are apparently independent of live weight for a given species and given state 
of fatness. Hoises spend less energy moving unit body weight per unit 
horizontal distance than humans or cows. Cows and humans spend almost 
the same amounts of energy per unit live weight and unit distance. Fasting 
decreased metabolism both during standing and walking, but the percentage 
increase due to walking tended to increase with increasing time after feeding. 

Summarizing, this section defines the units of work, rate of work, and ener- 
getic efficiency and presents methods for measuring them. E.xtensive data 
and generalizations (equations) are presented on the absolute and relative 
energy costs of standing, walking at various speeds, and working at various 
rates by varying load and speed. The immediate and long-range energetic 
efficiencies of various categories of work machines were compared critically. 

24.3: Relative metabolism in steady, maximum, and brief peak effort. 
The rate of oxygen consumption or heat production is, of couree, a function, 
among other factois, of body weight and work rate. The statement that an 
animal consumes oxygen at the rate, for example, of | liter/min or produces 
heat at the rate of 1.2 Cal/min is, therefore, ambiguous unless given with refer- 
ence to some standard size and work rate. In this section we shall take the 
resting oxygen consumption (approximately i liter/min for adult male man) 
as reference base and express other values as multiples of this reference base. 

In the preceding section it was sho^vn that the energy cost of walking is about 
100 per cent above that of standing ; that the ratio energy expense of walking/ 
energy expense of standing = 2, and that this ratio is approximately the same 
in relatively large and small animals, horses, cattle, sheep, men. In this 
section we shall consider similar jatios for various work levels. 

The net energy cost of walking does not include the energy cost of standing at 
rest, while the overall or total energy cost does. 
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24.3.^ Rafao of maximum to minimum oxygen consumption in horses and 

men. Fig 24 9a shows ratios of maximum to minimum oxygen consumption 
in horses plotted against speed, load or draft, and home power. The ratios 
of work oxygen to resting (not basal) oxygen increase to about 15, while the 



^ J LDiU YCO 400 H)^0 1 2 3 

SPEED DHAFT HORSE-POWER 


Fig. 24.9a. Ratio of work to rest oxygen on left side, and ratio of work to basal oxygen 

on right side plotted against speed, load, and work rate (horse-power). These ratios do 

not include possible ‘^oxygen debt’\ therefore, they are not peak-efforts of wluch animals 

are capable (including oxygen debt), but ratios of maximum to minimum oxygen con- 
sumption. 



ENERGY EXPENSE DURING WDRK JQA 
EXPEr^SE DURING REST (STANDINGl \Oj 

Fig. 24.9b. Overall efficiency as function of the work to rest energy. 


0 


ratios of work oxygen to 5asa/-metabolism oxygen increase to about 21 . Since 
the top values represent work near the maximum of the animal’s ability under 
the given conditions, it is concluded that the maximum amount of oxygen that 
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a work horse can utilize is about 21 times the minimum or basal oxygen.^* 

According to DilF- the ratio of maximum oxygen consumption by men run- 
ning at top speed to basal oxygen consumption varies from 10 to 20, depending 
on physical development and training. We, therefore, conclude that our 
1500-poun(l work horse in excellent physical condition had approximately 
the same ratio of maximum to minimum oxygen consumption as a man in 
excellent condition. The ratio of work to resting oxygen consumption is 
apparently independent of size or even species; which means that in compari- 
son to body weight, the limiting system concerned with supplying the muscles 
with ox 3 'gen is of the same relative capacity in superior work-horses as in 
superior athletic men. Race horses of extraordinary physical development 
and training probably have higher ratios than men or work horses. This is 
an attractive problem for study. 

Data by Sargent^* indicate that the maximal oxygen intake was 15-fold resting in a 
63-kilo athlete, Schneider and Clark^^ reported (on R. W. C.) a 10-fold oxygen consump- 
tion when working a bicycle ergometer 8000 foot-pounds per minute (2.66 liters oxygen 
per minute) than at rest (0.282 liters per minute). HilPs tabulation” shows that a 
184-pound oarsman (H) consumed 4.41 liters oxygen per minute; 147-pound runner (S) 
consumed 4.38 liters oxygen per minute. These oxygen consumptions correspond 
roughly to 1323 and 1314 Cal per hour. Assuming basal metabolism levels of 76 and 
65 Cal per hour, the ratios of maximum to basal energy are 17 and 20, thus substantiating 
Dill’s conclusion that the oxygen supply to the tissues is limited to about 20 times 
basal metabolism. 

More recently Dill” observed a famous 2-miler, Lash, consume 5.35 liters oxygen, 
21.4 times the basal level (of i liter Os/min), when running at the rate of 21.6 km/h, 
approximately the pace that he runs in his 2-miIe winning races. This is said to be the 
highest oxygen-consumption record, and contrasts to 14.5 times the basal level of 
oxygen consumption in the best untrained controls. This high rate of oxygen con- 
sumption is attributed to the extremely high cardiac output since the oxygen-carrying 
capacity of the blood was virtually the same as in the non-athletes. Incidentally, the 
highest pulse rate was 189 and the blood lactic acid 73 mgm per cent. At a lower work 
rate, 11.3 km/h on an 8.6 per cent grade, the athlete’s pulse rate rose to 171 and the 
non-athletes’ to 190. 

The ratio of the work to resting oxygen consumption may be used for estimating 
physiological work -equivalence in different animals. Thus from Fig. 24.9a, when the 
ratio work 02 /basal metabolism O 2 is 10, work in the Shetland pony at the rate of 0.6 
H.P. is equivalent to work in the Percheron horse at the rate of 1.4 H.P., and so on. 


” In preparing Fig. 24.9 it was assumed that the basal metabolism of the 1500-lb. 
horse is 400 Cal per hour (see Table 13.7); the standing metabolism, including the 
normal heat increment of feeding, 606 Cal/hr. 

” Dill, D. B., Physiol. Rev., 16. 263 (1936). 

” Sargent, R. M., Proc. Roy. Soc., lOOB, 10 (1926-7). 

” Schneider, E. C., and Clark, R. W., Am. J. Physiol., 74 , 334 (1925). 

”Hill.” 

” Robinson, S., Edwards, H. T., and Dill, D. B., Science, 86, 409 (1937). 

37 For other high records, see Henderson, Y., and Haggard, H. W., Am. J. PhyeioL, 
12 , 264 (1925); Christensen, E. H., ArbeiisphysioL, 5, 463 (1931). 
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• ” ma^um effort, including the oxygen debt, to rest energy 

in men and horses. The preceding discussion was concerned not with peak- 
effort energy expenditure, but with peak-effort oxygen-consumption. The 
maximum energy expenditure is very much greater than tlie corresponding 
maximum oxygen consumption because (Sect. 6.2), animals (unlike engines) 
go into oxygen debt in emergencies and repay it later during rest Athletes 
have been known to incur an oxygen debt of 8 liters during 15 .seconds of 
spnnting at top speed. Such intense anaerobic efforts can last only a few 
seconds but are of tremendous value in emergencies. The ability to' go into 
oxygen debt varies; great athletes usually have exceptionally high abilities 
in this direction. Superior race horses may be able to incur a greater oxygen 

debt than inferior ones. How does peak-effort energy to basal energy in man 
differ from that in the work horse? 

The following table, based on the 1925 Iowa State Fair horse-pulling con- 
test, indicates the order of peak effort in the winning heavy-weight teams.^® 


Trial 

Distance pulled (feet) 

Duration of trial 
(seconds) 

Tractive pull 
(pounds) 

Horse-power 

1 

27i 

4.0 

2000 

25.0 

2 

A 

27J 

4.2 

2500 

29.8 

3 

27i 

11.0 

3000 

13.6 

‘ 4 

27 i 

8.0 

3200 

20.0 

5 

27i 

11.0 

3400 

15.5 

6 

27 J 

9.8 

3425 

17.5 


Since the teams were made up of two horses, the rates of eneig>' expenditure 
per horse are half the above values, 7 to 13 H.P. This table shows, then, 
that a 15()0-pound horse can develop 7 to 13 H.P. during about 5 seconds. 
Assuming that the energetic efficiency of the pull is 20 per cent, the horses 
expended energy at the mte of 35 to 65 H.P. or (since 1 H.P. is equivalent to 
10.7 Cal/min) 375 to 803 Cal/min. Since the basal metabolism eneigy of a 
1500-pound horse is about 7 Cal/min, the ratio of peak eneigy expenditure 
to basal metabolism energy in the hoise is 375/7 to 803/7 = 53 to 115. In 

brief, a work horse is capable of spending about 100 times as much energy at 
maximal effort (for a few seconds) as during rest. 

As previously noted (Sect. 6.2) Fenn reported that a medical student per- 
formed at the rate of 139 Cal/min. If his basal metabolism was 1.2 Cal/min, 
the ratio of peak energy expenditure to basal energy was 139/1.2 = 116. 

24.3.3: Ratio of sustained hard work to rest energy in men and horses. 
According to Dill,^^ the ratio of sustained-work energy (as is carried on in the 
usual 8-10 hour day) to basal-metabolism energy ranges in man from 3 to 
8 in hard work (lumbering, building, mining, agriculture) to less than 3 for 
moderate work. How do these ratios for humans compare to those in homes? 

’* Collins and Caine.** 
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As previously noted, a good pace for a 1500-lb. farm horse is work at the 
rate of 1 H.P. From Fig. 24.9a, the work to basal-metabolism energy raticj 
for a 1500-lb horse working at the rate of 1 H.P. is of the order of 8, which is 
' the same as that given by Dill for human labor at hard work. Hence, the 
conclusion that the ratio of sustained hard work to rest energy is approximately 
the same in horse and man, and probably independent of size or even of species 

as such. Note from Fig. 24.9b how the overall efficiency for Horse 19 flattens 
sharply when the work-to-rest ratio is between 5 and 8. 
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Fig. 24.10a. Enerp^ expended per day (24 hours) plotted against ratios of work energy 
to: basal energy and to non-basal resting energy when the horse works 0, 2, 4, 6, 8 10, 
12, and 24 hours per day, and stands the remainder of the time 


The energy expended per 24-hour day, including the resting periods, is for 
humans from about 3000 Calories for moderate work to 6000 Calories for hard 
work (when the work to rest energy is near 8) ; that is, from 1.3 to 4 times the 
basal energy. It is instructive to know how the 24-hour energy expenditure 
in horses varies wth the number of houi*s worked when working at different 
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rates. From Fig. 24.10a, when the 1500-lb hoi-se works 8 hours a day at a work- 
to-basal metabolism ratio of 8, he performs at the rate of about 1 II. P., and 
expends energy at the rate of 38,000 Calorics per 24-hour day, corresponding 
to 21-lb TDN. At this rate of work the 1500-lb horse expends 38000/G000 = 
6 to 7 times as much energy as a 150-lb man ; which is what might be expected 
on the basis of the assumption tliat average work rate and energy expense \’ary 
with W°-”. Similar curves are given in Fig. 24.10b for hoi-ses working 2, 4, 
6, 10, and 12 out of the w'hole 24 houi-s. 


% 



Fig. 24.10b. Overall efficiency as function of horse-power. Upper chart represents 
full-time work for the 3 speeds; lower chart represents part-time work, i.e., 2, 4, 0, 8, It), 
and 12 hours work out of 24, all speeds combined. 

Summarizing this section, 1 ) the rate of oxygen consumption during average 
walking is, approximately, double that of standing ; 2) the oxygen consumption 
of sustained heavy work (6—10 hours/ day) is 3- to 8-fold rest; 3) the maximal 
oxygen consumpHm is. approximately, 20-fold resting; 4) the maximal energy 
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c^penditui e during maximal exertion for a few seconds is about 100-foId rest 

These ratios are the same for 1500-Ib and 750-lb homes as for 150-lb man- 

thej aie independent of body weight and perhaps of species as such. There 

aie however, considerable individual vaiiations in this respect, and training 
greatly influences these ratios. ^ 
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per day. efficiency and profit plotted against hours worked at 1 H.P. 
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24.4: Mechanisms limiting work canaritv at. t , . . 
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The speed of onset of fatiguc^^ is, pcrliups, the best measure of lack of work 
capacity and of disease. Disease has iiuleed been defined by imj^airment of 
woik capacity."*^ Muscular work involves so many structures and functions 
that impairment of one of these or disturbance of the integration between 
them incieases the speed of onset of fatigue and decreases work capacity. (Jn 
the other hand, a limiting organ or tunction may be seriously diseased, yet the 
individual and observer may be unaware of it because of the masking elTect of 
a compensatoiy mechanism that takes o^'er tor the duration. One organ or 
function ma}" be maintained at the cost of impairment of another. Compen- 
sation may thus be associated with decompensation. Athletes sometime tlie 
when apparently in their prime because ot the presence of such unsuspected, 
masked, serious disease. 

Assuming, for the present, that muscular-work capacity is ultimately limited 
by the rate and efficiency of oxygen supply, one may estimate work capacity 
by functional tests of the several systems involved in supplying oxygon to the 
tissues as discussed below. 

24A1: Pulmonary ventilation. The exhaled air per breath, “tidal 
is the capacity factor. The respiration rate is the intensity factor. If the 
resting tidal air is 1 liter and the resting respiration rate is lO/min, the resting 
pulmonary ventilation is 10 lit/min, or the minute volume of pulmonary ven- 
tilation is 10 liteis. On collapsing one of the lungs the tidal air may be halved 

In a li-mile race, one horse ran the first and second (|uarter miles at 24.25 sec 
each; the third quarter mile at 24.86 sec; the fourth at 25.62 sec; the fifth at 
26.05. Blake, L. L., and Brownlee, U. li., “Race horse and race track speed, an anal- 
ysis of racing records.*’ Preliminary edition, 1936, by L. L. Blake, Slamlard Statistics 
Co., 345 Hudson St., New York, X. The mile record (1942) for a horse is 1:34} 
made by two-year-old Count Fleet. Maximal speeds are said to l)e run at the rate of 
22 miles/hr for man (Jesse Owen ran 100 meters, that is 328 feet, at the rate 21 .7 rnile/hr) ; 
horse, ass, dog, 37 mile/hr (race horses have i)een known to run J mile at the rate of 
44 mile/hr). Flying is, of course, more rapid : ranging from the golden eagle 120 mile/hr, 
duck hawk 180 ini/hr, deer bat fly 450 inile/hr, comi)arable to that of an airplane. For 
data and literature on “Flight speed of birds,” see M. T. (’ooke, U. S. Dept. .Acr. Cir., 
428, 1937. 

Simonson, E., and Enzer, N., Medicine, 21, 345 (1942). 

The vital capacity is the largest volume of air exhaled following the deepest inhala- 
tion. Vital capacity = tidal air -|- supplemental air. The alveolar air, in contact 
with the respiratory epithelium, is the sum of the Hupplemenlal and the residual (non- 
exhalablc) air. The alveolar air is richer in (’O 2 and poorer in O 2 than tidal air. Alve- 
olar air in man contains 4.5-6.5% (X)j, 13-15% O 2 , W/o N 2 , and is completely saturated 
with HjO. Pulmonary capacities cited from Dill, vt al. Science, 85, 409 (1937): vital 
capacity, 5.4 liters in athletes and 4.7 liters in non-athletic young men. Tidal air, 2.4 
liters in athletes and 2.3 liters in non-atidetes. Tidal air is thus 46% of the vital cai)ac- 
ity. For a given oxygen consumption, the athletes’ ventilation rate was 12% less than 
of the other subjects. Puhno*iary ventilation a! maximal work was 113 liters per 
minute in the athletes and 98 liters per minute in non-athletes, d'hc reHi)iration rate 
at this maximal work was 48 in the athletes and 44 in the non-athletes. The ratio of 
residual air to total lung volume was 0.288 in the athletes and 0.285 in the non-athletes. 
Most published observations on non-athletic college students at rest cite tidal air 
i Htcr, vital capacity 4 liters, respiration rale I6/iiiiri. pulmonary ventilation H-10 
lit/min. Training athletic men reduces the resting respiration rate to 10/inin. The 
values vary with size. Women, therefore, usually have lower tidal air and pulmonary 

ventilation. 
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and the respiration rate doubled, thus maintaining the previous ventilation 
rate of 10 lit/min. 

1 his compensation of the halving of the capacity factor by doubling the 

inter.sity factor occurs at an extra energy cost involved in doubling the rate of 

chest movement for a gi^’en ventilation rate. The chest moves twice as 
rapidly and fatigues more rapidly. 

Moreo^■er, the compensated pulmonary system lost half of its reserve ca- 
pacity, its safety margin, so that the compensation has been achieved only for 
rest or for lower work le\'els. The reserve is lost for higher work levels or for 
disease, such as for pneumonia, emphysema (in which the diffusion of oxygen 

through the lungs is reduced) and with the loss of the margin of safety, life be- 
comes correspondingly more circumscribed. 

This discussion shows that the lung capacity {tidal air) at a given metabolic 

rate and a given temperature is inversely proportional to the respiration rate. 

It IS important to specify temperature because the pulmonary ventilation also 

has a temperature-regulating function in slightly -sweating animals above SOT 

f85°F). The respiration rate increases rapidly with increasing environmental 

temperature m most farm animals (but not in man). The more rapid hot- 

weather breathing (panting) is, however, shallowed so as to maintain the 
ventilation rate constant (Sect. 11.5). 

24.4.2: Blood cu-culation. In blood circulation the pulse rate is the in- 
tensity factor and the systolic output (stroke volume) is the capacity factor, 
corresponding, respectively, to respiration rate and tidal air in pulmonary 
ventilation ; and the heart capacity (systolic output = volume of blood ejected 
by a contraction or systole of the left heart or ventricle) at a given metabolic 

late (a so at a gi\en temperature and a given emotional status) is inversely 
proportional to the pulse rate. 

The average resting pulse rate in adult man is approximately 70; the lowest, 

usually found in great athletes, is approximately 40, although one athlete, Les 

MacMitchell, said that his resting pulse has been at one time 31 per minute.« 

Low pu se rate is, then, in general, an index of an efficiently-functioning, 

powerfully-contracting heart and, therefore, probably of great work capacity. 

Conversely, the smaller the systolic output, that is the kss blood ejected per 

contraction the more rapid must be the pulse or the heart contractions to 

maintain the normal circulation rate, the less efficient it is, the more easily 

fatigued, the less reserve it has, and consequently the smaller the work 
capacity. 

The mechanical work of and the energy expended by the heart: The average man’s 

r 40 Ht/m ^bout 4 lit/min at Lt and, 

perhaps, 40 lit/mm during maximal exertion. The work rate of t he heart is, of coum 

38, 88 ) 37 ^ 3Vr35^befonlinl^, r4pec°^^ t^ol^mara^tho®^* rates of five men were: 

miler, a non-athletic middle-aged man Idth sliSvnertp“n°«"®''’ champion 

ment, a champion miler Cunn!n.ri;nk/-c 1 hypertension, with a cardiac enlarge- 

Les MacMitchell’s 37, and Nur^^ ^ ^ reported to be between 40 and 45, 
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the product of the blood quantity ejected and the systolic pressure.’*^ Thus (Hill, 
Long and Lupton) if the cardiac output is 40 litei*s/min and the systolic pressure is 
lOOmmHg, the work by the ventricle (leftside of the heart) is 40 X 100/760 = 5.3 liters- 
atmospheres per minute = 128 Cal/inin. Assuming an efncicncy of 20 per cent, tlie 
energy expenditure by the left side of the heart is 640 Cal/min. Adding 25 per cent 
for energy expended by the right side, the total expended by the heart is 800 Cal/min, 
equivalent to 160 cc 02 /min. Assuming a 60 per cent O- utilization coefheient and a 
blood oxygen capacity of 18.5, the coronary vessels would have to supply to the heart 
tissues 1.5 liters blood per minute. Hill cites an example of the consumption of 5.9 
liters of oxygen per minute involving a total lioart output of 75 liters — 17 gallons — of 
blood per minute, a work rate of 631 foot-pounds per minute or 0.02 H.P. 

As noted above, the average man’s systolic output at rest is 60 cc and the pulse rate 
is 67, so that in one minute the ventricle ejects 60 cc X 67 = 4000 cc, or4 liters blood. 

During maximal exertion, the cardiac output" is increased tenfold, to an approximate 
maximum of about 40 liters. The pulse, too, increases with increasing work rate; it 
may increase to 180 at maximal exertion in which the maximal systolic output may 
reach 40000 cc/180 = 222 cc, which is near the theoretical maximum since the anatomic 
volume of the pericardium is, in man, not over 700 cc and the volume of the left heart 
cannot be over J of the pericardial volume, about 230 cc. It is said that the systolic 
output is increased as result of training, so that more blood is pumped per minute with 
fewer beats for a given oxygen consumption. Training affects the entire cardio-respira- 
tory system.'** In one case (Knehr, et al**) training 6 months reduced the pulse rate 
from 67 to 62, respiration rate from 15.1 to 14.3, pulmonary ventilation from 6.2 to 5.7 
lit/min; oxygen capacity was increased from 19.8 to 20.2 and plasma chlorides from 
103.6 to 105.8. 

Needless to say that in addition to the left side of the heart, the ventricle, the blood 
also has to pass through the right side of tlie heart; so that the heart as a whole ejects 
what virtually amounts to not 4.0 but 8.0 (over 2 gallons) liters per minute at rest and 
not 40 but 80 liters (over 20 gallons) per minute at maximal exertion. This sur- 
prising maximal value is, of course, achievable only by rare athletes. 

24.4.3: The blood. With the aid of its hemoglobin, blood carries oxygen 
to and carbon dioxide from the tissues to the lungs where the carbon dioxide 

Definitions: Systole, period of contraction and disclmrge of the blood; diastole^ 
period of relaxation and refilling with blood; systolic pressure, maximum blood pressure 
during the systole; diastolic pressure, about J of the systolic pressure, minimum pressure 
between the heart beats at the end of the diastole. Pulse prmure, difference between 
the systolic and diastolic pressure. The systolic output is a function of the product 
of the pulse pressure and pulse rate. The systolic pressure in adult man is 100 to 150 
mm; diastolic, 65-90; pulse pressure 35-55; capillary pressure 15-40. 

Grollman, A., "The cardiac output of man in hcaltli and disease." Thomas, 1932. 

"Steinhaus, A. H., Physiol. Rev., 13. 103 (1933). Dill, D. B., and Brouha, L., Le 
travail humain, 5 (1937). Christensen, E. II., Krgeb. d. Physiol., 39, 318 (1937). Taylor, 
C., Am. J. Physiol, 136, 27 (1941). Robinson, S., and Norman, P. M., Am. J. Physiol., 
133, 168*(1941). Knehr, A., Dill, D. B., and Ncufeld, W., Id., 136, 148 (1942). ■ 

The published blood volume is highly variable, perhaps 6% to 7% of the body 
weight, perhaps 5 liters in the average man^s body. The fatter the individual the 
smaller the relative blood volume; the more muscular and the thinner, the greater the 
relative blood volume. Blood contains al)out 5 million red cells and about 8000 white 
cells per cubic mm, more in athletes, less in sedentary. Arterial blood contains about 
19% O 2 , 50% CO 2 ; venous blood, about 14% O 2 and 55% CO 2 . The alkaline reserve— 
the bicarbonate CO 2 obtained from blood previously saturated with CO 2 at a partial pres- 
sure of 40 mm Hg— is 50 to 80 volume per cent. The blood hemoglobin ranges from 10 to 
12% in non-athletes to 15% in athletes or athletic animals. A gram hemoglobin com- 
bines with 1.34 cc O 2 so that on saturation blood contains about 20 cc O 2 (for details, 

see Sect. 6.4.2). 
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is released and the oxygen taken on. The blood makes the circuit in about a 
minute, the exact speed depends on body size and metabolic rate. 

When the blood becomes oxygenated in the lungs, it is 90 to 95 per cent 
saturated with o.xygen, containing 17 to 20 cc oxygen per 100 cc of blood, more 
or less depending on the hemoglobin concentration. « After the blood has 
unloaded the oxygen to the tissues, its oxygen saturation is about 30 percent; 
so that the blood gives off about 60 per cent of its o.xygen ; 60 per cent of 20 = 
12 cc oxygen per 100 cc blood. At rest, 100 cc blood may unload only 30 per 

cent or 5 to 6 cc o.xygen ; during maximal exercise in well-trained athletes, it 
may unload 70 per cent or 15 cc o.xygen. 

The intensity factor of the blood is, then, the arterio-venous oxygen differ- 
ence; the capacity factor, the amount of hemoglobin.^ The coefficient of 
o.xj^gen utilization (Krogh) is the ratio of the arterio-venous difference (or 

oxygen transport) to .volume percent of oxygen in the blood (oxveen 
capacity). 


A high blood capacity like a large pulmonaiy or cardiac capacity indicates 
a large oxygen-reserve power. Diving animals,^^ some of which (whales) can 
remain submerged 2 houre, or even those (beavers, seals) that can remain 
submerged for one-half hour have imusually large blood volumes and hemo- 
globin concentrations, including muscle hemoglobin, perhaps double those of 
non-diving species. High-altitude dwellers'*^ (such as the llama, vicuna, 
S. American ostrich, and native man, too) have larger quantities of hemo- 
globin than low-altitude dwellers. But, as previously noted, individuals 
within the species and under the same conditions also differ in their hemo- 
globin content and in the percentage of oxygen they can unload on their circuit 
(for fuller discussion see Sect. 6.4.2). 


24.4.4: Oxygen debt. As previously explained (Ch. 6), biologic oxidation 
is a stepwise process, the initial stages of which do not involve the participa- 
tion of oxygen, illustrated by the (anaerobic) conversion of glucose to lactic 
acid. When, theiefore, in maximal e.xertion for several seconds (as in the 
60-yard dash in man, i miles dash in the hoise, or in the 10-second hoise- 
pulling contest) the energy expenditure is perhaps five-fold the maximal ca- 
pacity of oxygen supply, the energy is obtained from anaerobic oxidation. 
Intel mediate products are formed (lactic, phosphoric, and pyruvic acids) 
which are oxidized during the recovery phase. Phosphocreatine and 
adenosine pyrophosphate are also decreased during the exercise and reformed 
during the recoverJ^ The oxygen debt is, then, measured by the oxygen incre- 
ment above normal rest oxygen consumption during the recoveiy or resting 
phase. The oxygen debt is knowm (Ch. 6) to have risen in a 70-kg athlete 
to 19 liters and the lactic acid to 114 gm (f lb) or to 0.32 per cent. (The 
lactic acid content in resting human blood is 0.01-0.02 per cent.) One liter 


" Irwing, L., Physiol. Rev., 19, 112 (1939). 

48 r\;ii r> (jt i a i i.-\ , \ 


B., Life, heat and altitude,” Harvard Press 192S 
D. B., and Barron, E. S. G., J. Cell, and Comp. Physiol., 8, 301 (] 


S. Hall, F. 
(1936). 


G., Dill, 
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of the oxygen increment consumed during recovery is often assumed to be 
equivalent to the removal of 7 to 8 gm lactic acid or to its re-convemion to 
glycogen, although the oxygen debt may be alactic. '® 


Athletes (also diving animals and mountain dwellem) are thus distinguished 

not only for their ability to perform much work without going into oxygen debt 

but also to go into great oxygen debt when the necessity aiises. They are 

thus provided with two supplementary reserws or mechanisms for survi\'al in 
oxygen-lack emergencies. 


24 * 4 . 6 : Coronary circulation. The astonishingly high rate of work the 
heart is capable of performing, pumping 40 litei-s of blood a minute against a 
very considerable pressure, is, of coui-se, conditioned on a heart muscle well 
supplied with oxygen as well as with fuel. As indicated by Hill’s data cited 
above, the heart must have for its own use alone, at maximal work, not less 
than 1.5 litei-s of blood a minute (assuming a GO per cent oxygen utilization). 
This special blood supply for nourishing the heart miuscle itself is furnished by 
the coronary arteries. If the coronary arteries develop a defect, the work 
capacity of the heart muscle is correspondingly reduced — the heart cannot 
work without a plentiful o.xygen (blood) supply. Attempt to work with an 
inadequate coronaiy blood supply results in inadequate oxygenation, in 
ischemia of parts of the heart muscle which gi\es — to peisons whose nerves 
are sensitive to such sensations— the “heart” pain, angina pectoris. As this 
pain is frequently localized in the pit of the stomach, it is sometimes mistaken 
for “acute indigestion” in man or “colic” in homes. Some sufferem from 
inadequate coronary circulation are apparently insensitive to ischemic pain 
signals and die suddenly, without warning, on some sudden exertion, or ex- 
citement, or over-eating (especially on fermentable forage or food). 

It is obvious that athletes and othem, such as race homes and dogs, indulging 
in maximal effort must be endowed with phenomenal coronary-artery systems 
although sudden death in athletes and race homes may occur due either to ac- 
cidental coronary obstruction (coronary thrombosis) or to insensitivcncss to 
anginal pains which keeps them ignorant of their coronary inadequacy, leading 
to e.xertion beyond their cardiac capacity. 


The coronary arteries tend to deteriorate with increasing age*® although very 

^5 ^ ut fi-ill\ -appearing and functioning coronaries. 

Indeed, the youthful coronaries may be the reason for their survival to an ad- 
vanced age. The early deterioration of the coronaries may depend not only 
on their hereditary quality but also on the neuroendocrine system which 
controls the caliber of these arteries. This is inferred from the large incidence 
of early coronary damage in highly-strung individuals. Overproduction of 
adrenalin is said to be an influencing factor (Raab). ICxcessive dietary fat, 


Luiidsgaurd, E., fiioc. Z., 117, 51 and 162 (1930). Margaria, R., Edwards H T 
and Dill, D. B., Am. J. Physiol., 106, 689 (1933), and 107, 681 (1934). 

‘“Robinson, S., Arbeitspkysiol., 10, 251 (1938). 
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especially rich in cholesterol, is said to produce atherosclerosis^^ (rather than 
arteriosclerosis). 

24.4.6 : Body-temperature regulation.^^ Hard muscular work is, of course, 
associated with correspondingly rapid heat production, thus placing the 
temperature-regulating mechanisms imder stress. The extra heat dissipation 
is associated with the shunting of blood to the surface, leaving less blood in 
the interior, with consequent increase in pulse rate which may lead to heart 
failuie (heat exhaustion, heat stroke, sun stroke). **Heat cramps,** muscular 
pains, are associated with loss of salt in the sweat. 

The cooler the environmental temperature, within limits, the lower the 

strain of heat dissipation and, therefore, the higher the attainable work rate. 

Conveisely, the higher environmental temperatures, especially above 30°C 

(85°F), are less favorable for hard work and indeed dangerous at the later 
ages (Chs. 11 and 18). 

24.4.7 : Nutrition. It is believed that carbohydrate is the best fuel for 
muscular work. The superiority of carbohydrate to fat as fuel is due to 
several factors, including, 1) greater readiness of mobilization of carbohydrate 
for muscular work; 2) about 7 per cent less oxygen is required to obtain uni t, 
eneigy from carbohydrate than fat (the thermal equivalent per liter oxygen 
is 5.05 for carbohydrate and 4.69 for fat); 3) it is believed®^ that before oxi- 
dation for muscular work, fat is converted to carbohydrate, involving a 10 
per cent energy loss in the convereion. (Hill®^ believes that for peak effort 
carbohydrate is the only fuel.) WTiatever the theory, Christensen®® observed 
that men engaged in steady-state’* maximal work succeeded in continuing 
the work for 4 hours on a high carbohydrate diet, but only 1| hours on a high 
fat diet. IMoreover, an hour of such work on the high fat diet was followed by 
accumulation of acetone bodies in the blood.®® Dill®^ observed that a dog 
could run on a treadmill 17 hours when supplied with glucose, but only 4 
hours when not so supplied, and compelled to live on body fat. The blood 
sugar of the dog not receiving glucose reached the low level of 50-60 mg per 
cent at the time of exhaustion, about half the normal blood-sugar level. 

There is no general agreement on the question as to whether fat can be used 
as muscle fuel®® nor on the optimal carbohydrate-to-fat proportions in the body- 

,„.f!.Cowdry, E y., “Arteriosclerosis,” Macmillan, 1933, and “Problems of ageing,” 
William and Wilkins, 1939. Brody, S., Ann. Rev. Bioc., 4, 383 (1935) 

" ^ Lindhard, J., Bioc. J., 14, 290 (1920). 

'*■ “■* 

” Dill, D B Edwards, H. T., and Talbot J. H., J. Physiol., 77, 49 (1932). 

‘®Rapport, p.,_ ‘Interconversion of foodstuffs.” Physiol. Rev., 10. 349 (1930). 
Carpenter, T. M Fuel of muscular activity.” /. Nut., 4, 281 (1931) ; Gemmill, C. L., 
'Fuel for muscular exercise.” Physiol. Rev., 22, 32 (1942). 
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fuel mix. Hendereon and Haggard^^ reported that fat furnished about f of 
the energy expended by their Yale oaremen ; that is, sugar is not the sole fuel 
of muscular energy. Howe\'er, they believe that sugar is the fuel most im- 
mediately available for muscular work and that it would be helpful to the 
wind and for avoiding overtraining if athletes were furnished enough carbo- 
hydiates to maintain an R.Q. ot 0.85 to 0.9 (when carbohydrates would con- 
tribute 50 per cent to 05 per cent of the total energy). 

^ These authoi-s quote approvingly the well-known dictum"^ that “in the 
living bodj'', fat burns only in the (lame of sugar,” meaning that with deficiency 
of sugar, oxidation of fat is incomplete. They suggest that it would be ad- 
vantageous to raise the R.Q. by “eating a quarter of a pound of some simple 
candy, such as peppermint creams, a half to three-quarters of an hour before 


any prolonged contest” (Sect. T.G). 

Dill®^ does not think that there is carbohydrate deficiency in blood under 
ordinary conditions of hard sustained work.s^ This he infem from the fact 
that steel workers show no symptoms of ketosis, the usual test for fat pre- 
. ponderance (i.e., carbohydrate deficiency) in the oxidation mix; he attributes 
the favorable effect of refreshments in mid-morning and mid-afternoon“ to 
psychological rather than nutritional factors. However, heavy work, es- 
pecially under conditions of emergency, makes heavy inroads on the carbo- 
hydrate level, and glucose intake should be very helpful. The collapse of 
marathon runners has often been attributed to carbohydrate depletion. “ 
Recently publicity was given by gelatin manufacturer to a report that 
gelatin (washed down with orange juice) increased the work capacity of 
bicycle riders.®^ This research was motivated by that fact that { of gelatin 
is glycine and that glycine enters into phosphocreatine which is supposed to 
furnish energy for muscular contraction (Ch. 6). However, all proteins are 
rich in glycine (Sect. 20.7), vigorous muscular exercise can take place when 
the phosphocreatine concentration is very low, and recent data do not indi- 
cate that gelatine is helpful in muscular contraction.*® 

Vitamin C may become a limiting factor in muscular work because, like 


" Henderson, Y., and HagK.ard, H. W., Am. J. Physiol., 72, 264 (1925). 

Shaffer, P. A., el al., J. Biol. Chem., 47, 433 and 449 (1921); 49, 143 (1921); 64, .399 
(1922); 61, 585 (19^); 66, 63 (1925); at least 4 molecule of glucose must be oxidized for 
each molecule of fatty acid or acetoacetic acid; if less glucose is available, the fat oxida- 
tion stops at the acetoacetic acid stage. Glucose-forming amino acids and glycerol 
are, like glucose, antiketogenic, but to a smaller extent. Certain amino acids (such 
as tyrosine, phenylalanine, leucine) are, like fats, ketogenic. 

“ Dill, D. B., “Industrial fatigue.” Industrial Medicine, July, 1939. 

" Haldi, J., et al.. Am. J. Physiol., 121, 123 (1938). Cited by Dill. 

Haggard, H. W., and Greenberg, L. A., “Diet and physical efficiency.” Yale 
Press, 1935. 

Best, <D. H., and Partridge, R. C., Proc. Roy. Soc., 106B, 323 (1929). For reviews, 
see Schneider, E. C., “Physiology of muscular activity,” 1933. Boie, O., Skand. Arch. 
Physiol., 71, 61 (1935). 

“ Gay, G. B., et al., Proc. Soc. Exp. Biol, and Med., 40, 157 (1939). 

“ King, E. Q., McCaleb, L. B., Kennedy, H. F., and Klump, T. G., J.A.M.A., 118, 
594 (1942). . . . 
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salt,®' it is lost in sweat and deficiency may cause muscle pains duiing strenu- 
ous work.®® The pains were relieved by feeding 300 mg ascorbic acid a day 
(contrasted to the “standard 75 mg). Horses synthesize ascorbic acid but 
perhaps not sufficient for their needs luider conditions of prolonged hard work 
in a hot climate. A common salt solution of 0.9 per cent is the usual prophy- 
lactic against excessive salt loss in the sweat of hard working man in hot en- 
vironments, which causes muscular pain (heat cramp). 

The need for oxidation-reduction vitamins (Ch. 6) in general tends to be 
directly proportional to the late of work, that is to the rate of oxygen con- 
sumption. Thiamine is a conspicuous member in this categor>\ Other 
methods of improving performance are uidely but fruitlessly discussed.®® 

In this connection a word may be said concerning hormone administration. 
Thyroid administration to a hypothyroid animal will, of course, increase its 
work capacity; but its administration to normal animals is likely, to decrease 
work capacity. It is kno'WTi that the energj^ cost of work is much higher and 
efficiency lower in hyperthyroid than in normal individuals,'® perhaps because 
of the liigh circulation rate in the hyperthyroid. 

Likewise, as regards adrenal hormones. The administration of adrenalin 
to adrenal demedullated rats or to adrenalectomized rats treated with either 
adrenal steroid or glucose increased the rate of Avork of rats but it is not 
certain that adrenal-cortex administration to nonnal animals modifies work 
ability, willingness, or efficiency.'® Nor is benzedrine or amphetamine, a drug 
related to adrenalin and wddely publicized for its effect on “intelligence,” help- 
ful."^® Adrenalin may, however, facilitate carbohydrate utilization. Its ad- 
ministration to a jasiimj man w’orking at a moderate rate increased carbo- 
hydrate utilization “more than one-half over the corresponding period in the 
control experiment.”'-* 

24.5: Measuring work capacity. The preceding section discussed the 
factois which, singly or in combination, limit w'ork capacity: pulmonary 
ventilation, blood circulation, oxygen capacity of blood, oxygen debt, coronary 
circulation, body -temperature regulation, nutrition. Some of these factors 

Dill, D. B., Physiol. Rev.y 16, 262 (1936), and Harvard Alumni Bull,, Oct. 20, 1939. 

Brunner, H., Schweiz, med. Wochenschr., 71, 701 (1941). 

Boje, O., Doping; League oj NaiionSy 8, 439 (1939), and J . .4. M. .4., 116, 1281 (19^). 

The uses of phosphates, ammonium chloride, oxygen, lecithin, liver preparations, sodium 
bicarbonate, cocaine, caffeine, amphotamine sulfate, valerian, bromides, barbituric 
acid, digitalis, glyceryl trinitrates, metrazol, etc. are discussed. However, any sub- 
stance capable of stimulating the body to exertion beyond the normal limits of fatigue 
set by the body is most likely to be injurious in the end, and, therefore, none of these is 
recommended. 

Plummer, H. S., and Boothby, W. M., Am. J. Physiol. ^ 63, 406 (1923). Boothby 
and Sandiford, J. A. 4/. A., 81, 795 (1923). 

Ingle, D. J., and Lukens, F. D. W., Endocrinology, 29, 443 (1941). 

^2 Hall, V. E., A;». J. Physiol., 121, 537 (1938). Hitchcock, F. A., Grubbs, R. C., 
and Hartman, F. A., Id., p. 542. Dill, D. B., et al., Id., p. 549. 

78 Dill, D. B., et al.. Aviation Medicine, 11, pp. 1-16 (1940). 

7* Dill, D. B., et al., Am. J. Physiol., Ill, 9 (1935), and 130, 600 (1940). 
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WGr6 rGSolvcd into capacity und intoiisity coinponciitvS. Stiimina., roscrvc 
power, endurance appear to be directly proportional to the capacity com- 
ponents of these factom, such as to systolic blood output, tidal air exhalation, 
quantity of hemoglobin (blood), caliber of the coronary vessels. Some of 
these components, such as tidal air, respiration rate, and pulse rate are easily 
measured. Perhaps the most important of these, namely systolic output, is 
not easily measured in homes, and not even in man."^ As a result, attempts 
were made to estimate indirectly the systolic output and circulatory condi- 
tions based on some reivsonable assumption, such as that the systolic blood 
output is directly proportional to the pulse pressure (difference between 
systolic and diastolic pressures), and that the circulation trend is proportional 
to the product of pulse pressure and pulse rate, as indicated by the equation'® 

Circulation-nite index — pulse pressure X pulse rate 

or by a modification of the above as d' 


Circulation-rate index 


pulse pressure X pulse rate 
arterial pressure 


The above index is in fair agreement witli experimentally determined values 
in normal (but not in cardiac-defective) individuals."® 

Another such indirect method, widely used, was suggested by Fick (1870) 
which assumes that the blood output by the heart per minute (minute heart 
volume) is the O 2 consumption per minute divided by the arterio-venous O 2 
difference (or the CO 2 production divided by the arterio-venous CO 2 differ- 
ence); and the systolic output is, then, heart output per minute divided by 
the pulse rate. 

It is clear that we are not yet in a position to estimate the stamina of an 
animal from each of the component factom. How, then, shall we go about 
formulating a test of physical capacity? 

The most obvious approach is by way of measuring the performance of the 
body as a whole, integrated performance. 

Performance of a given exercise is not a good test of stamina because per- 
formance also depends on skill (training), intelligence, temperament (“will” 
to succeed), and so on. 

Maximal performance tests for a few seconds, exemplified by the (iO-yard 
sprint by man, {-mile sprint by horses, or by hoise pulling contests previously 
described, are tests for neuro-muscular skill and muscular strength but not 


necessarily stamina or endurance because the energy for maximal exertion for 
5 to 30 seconds is derived from anaerobic oxidation, that is, not directly de- 


” For exhaustive descriptions of methods and history of measurinK systolic output, 
see Grollinan.^* 

Erlanger, J., and Hooker, D. K., Johns Hopkins Hasp. Repls.^ 12, 147 (1904). 
Liljestrand, G., and Zander, E., Z. Exp. Med.^ 69, 105 (1928). 

^“Neilson, H. E., Acta Medica Skandinavica, 91, 12 (1937). 
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pendent on the cardio-respiratoiy sj'stem and yet it may overtax this system 
and lead to a break-down. The usual dynamometer measures of strength 
test specialized groups of muscles while stamina and endurance are usually 
proportional to the cardio-respiratory capacity and to the stability of the 
ner\'ous system'^ which controls the pulse rate, blood pressure, distribution of 
blood and related integrative phenomena. Athletes, improving with training 
in all the usual strength and skill tests, often suffer nervous break-downs on 
approach to their apparent prime condition, due to some integrative fault. 
The body has many compensating or homeostatic mechanisms (Ch. 10); a 
weak organ or function is often maintained or compensated perhaps at the 
cost of impairment or decompensation of another organ. This may explain, 
for example, the occasional rejection of athletes for the military service. 

The problem of devising a criterion of physical fitness is a very difficult 
one, especially in animals who do not cooperate with the investigator. Thus 
the widely-used Schneider-fitness test,®® based on adjustment speed to work 
and rest, and on standing-ljung differences in blood pressure and pulse rate, 
is not easily applied to horses or other farm or laboratory animals. More- 
over, the Schneider test makes but very slight demand on the cardiovascular 
reserve. There is no satisfactory relation between basal pulse rate, sitting 
pulse rate, and physical fitness for strenuous exertion in nonnal individuals, 
and emotional factors have a greater effect on pulse than cardiac reserve.®®’’ 

Let us consider possible tests which promise to be applicable to farm and 
laboratory animals as well as to man. 

24.6.1: Maximal oxygen consumption. The maximal steady -state oxygen 
consumption represents the maximal rate of energy expenditure when the 
metabolic functions (O 2 consumption, CO 2 production, pulse and respiration 
rates, ventilation rates, etc.) are steady, that is, constant and, therefore, not 
involving the incurrence of a cumulative oxygen debt. Reference was made 
to Robinson, Edwards and Dill who observed a maximum steady -state oxygen 
consumption of 5.1 liters/minute, 21.4 times basal, in a famous athlete (Lash), 
as contrasted to 14.5 times basal in the best untrained subject. 

In this connection one may note the interesting observation®^ that the car- 

Of all the tissues and systems, the nervous is most sensitive to oxygen lack, illus- 
trated by ^‘blackouts,” and dizziness during rapid change in altitude (in airplanes, 
submarines, elevators, or even on rapid change in position, especially when whirling). 
One reason for the success of diving animals in remaining submerged in water is that 
they have mechanisms for hoarding the oxygen and shunting it to the nervous system 
(see Irwing,*’). The muscles, but not nerves, can get along for sometime without 
oxygen. The loss of sensitiveness in finger tips, etc., is one of the first signs of 
an ischemic or anemic condition. 

*0 Schneider, and J. A. M. A., 74, 1507 (1920). 

soa Feil, H., “The Schneider index as modified by circulatory disease,” Am. Heart J.j 
26, 1 (1943). 

Brouha, L., et af., “Resting pulse and blood pressure in relation to fitness,” 
New Engl. J. Med., 228, 437 (1943). 

Briggs, H., J. Physiol., 64, 292 (1920). 
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bon dioxide percentage in expired air rises with increasing work rate up to a 
certain work-rate level, then begins to decline. This may be associated with 
the phenomenon of the “second wind” when, perhaps, tlie respiratory center 
in the brain loses its sensitiveness to further CO 2 concentiation and perhaps 
loses control of the COo composition of expired air. Wovdd this inflection in 
the CO 2 concentration curve ser\-e as a definition of maximal work rate? 

For practical purposes maximal steady-state effort may l)e defined by the 
maximal work without incurring an oxygen debt. 

To illustrate the practical value of knowing the maximal ox^'gen-consump- 
tion rate, one may note that a large fraction of the -\mcrican population fol- 
lowing age 50 yearn has a maximal oxygen consumption rate twice resting. 
This means that their maximal exertion cannot exceed that of walking at a 
moderate rate. This may be contrasted to lumber-camp work involving a 
steady oxygen consumption eight-fold basal; or steady fast running involving 
an oxygen consumption of, perhaps, 14-fold basal. 


CAi/nn 
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Fig. 24.11. Interrelation between oxygen consumption and pulmonary ventilation. 
The ventilation rate lags behind the oxygen consumption rate. 

24.6^: Maximal pulmonary ventilation. Since the rate of pulmonary 
ventilation tends to be proportional (but not linearly, see Fig. 24.11) to the 
rate of oxygen consumption or carbon dioxide production, the pulmonary 
ventilation mte may be taken as index of physical fitness. When the maximal 
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pulmonary ventilation rate is only twice that of rest, the individual is in poor 
condition. As previously noted, Robinson, Edwards and Dill observed that 
three great athletes (Lash, Venzke, and San Romain) attained during maxi- 
mal-effort work a ventilation rate of 113 liteis/minute, 15 to 22-fold the aver- 
age resting ventilation rate of 5 to 8 litera/minute. 

Poor condition of the lungs with low rates of oxygen diffusion is compensated 
by higher pulmonaiy ventilation rate for a given metabolic rate. The resting 
ventilation rate in emphysemia, asthma, bronchitis, pneumonia may be two to 
three times that of normal individuals. The ventilation reserve ^ — the difference 
between the resting and maximal ventilation — is thus less in such patients 
than in normal individuals. 

24.5.3 : Rates of adjustment to work and rest and the speed of exhaustion. 

It, naturally, takes a little time following the go-signal for the rates of oxygen 
consumption, pulse, pulmonary-ventilation, blood pressure, etc., to reach the 
steady state. Likewise, when exercise stops, it takes a little time for the rates 



Fig. 21.12. Diff6rGnccs in blood Inctnto nccuniuliition in 19 men of varying physical 
ability after 20 minutes exercise exp}ending about ten-fold resting energy Subjective 
fatigue feeling paralleled lactate concentration. From D. B. Dill, A V Bock H T. 

Edwards and P. H. Kennedy, ./. /ndiist. ffyjiene and Tozicofo^y, /s/419 (l'936). ’ 

of oxygen consumption, pulse, blood pressure, etc. to decline to the starting 
level. Individuals differ in the rates with which the adjustments are made: 
and the fitness of the individual, of his homeostatic mechanisms (Ch. 10), 
may be measured by the adjustment speeds. This is one phase of the 
Schneider test as it relates to the adjustment of pulse rate and blood pressure 
(redistribution of the bloofl flow). The speed of incurrence of and recovery 
from oxygen debt, acid accumulation, and hypoglycemia, might be included 
in this recovery-test category. 


“ Knipping, H. W , Kfw IFoclisc;.. 17, 1097 (1938). Kaltreider, N. L., and McGar 

W. S., J, Clin. Inv.j 14, 81 (19^). (The pulmonary reserve in emphysema patients 
about i that of normal individuals.) ^ 


f 
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Another aspect of the same problem is the tiring speed, which Dill et al 
measured by the blood lactate level after 20 minutes exercise at an inergv 
expense 10-fold that of rest. Fig. 24.12 shows that the blood lactate ranged 
from 0.1 mM/ht in a famous athlete to 5.0 mM/lit in an individual in poor 
condition. The subjective feeUng of fatigue appeared to parallel the lactate 
accumulation. The better the condition the higher the cardio-respiratory 
the oxTgen-supplying, reserve. The accumulation of blood lactate is, of 
course, due to inadequate oxygenation. The normal resting blood lactate is 



Fig. 24.13. Compensation 
of low systolic output or 
stroke volume (upper right) 
by high pulse rate (upper 
left) and high oxygen utiliza- 
tion (lower left) resulting 
in a normal minute volume 

of blood output (lower 
right). 


10 to 20 mg per cent (about 0.1 to 0.2 millimols per liter, since the m.w. of 
lactic acid is 90.08). A cardiac patient at rest has been reported^ to contain 
71 mg per cent lactic acid, and the greater the cardiac disability the greater 
the blood lactate concentration following a given fairly strenuous o.xercise 
Dill*-' suggested that exhaustion during work at a high temperature comes 
when the accumulation of lactic acid in the heart reaches a limiting value. 

Cardiac patients may not differ superficially from normals by the rates of 
oxygen consumption, pulmonary ventilation, or lactic acid accumulation at 
reasonably low work rates. Thus Fig. 24.13 shows wide differences in sys- 
tolic output of two individuals, yet virtually the same minute volumes of blood 
circulation due to the compensatory effects of higher pulse rate and oxygen 
utilization. The resting pulse rate is, except in special cases, not an index in 
normal individuals, especially as emotion profoundly affects tlu* pulse. 

One of the best available measures of physical fitness is the speed of recovery of the 
pulse rate following a standard e.xercise sufficiently intense that no one in the given 
class can maintain a steady state for over 5 minutes. There is a large literature on this 


4, ^ Bauer, P. S., and Levenson, E. J., ArheilsphysioL, 
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type of test,s'» the latest being by Brouha and associates, done mostly at the Harvard 
Fatigue Laboratory*"'. As used by these investigators for humans, the subject steps 
up and down a 20-inch platform 30 times a minute for 5 minutes, unless stopped before 
by exhaustion. The pulse is counted from. 1 to 1§ minutes, 2 to 2\ minutes, 3 to 31 
minutes after work stops. The fitness index is given by the ratio of 100 X work in 
seconds to 2 X sum of heart rates taken 1-11, 2-21, S'Od 3-31 minutes after exercise. 
.\ ratio below 55 is poor and above 90 is excellent. Needless to say that allowances 
must be made in this test for differences in size, age, sex, environmental temperature, 
and so on. We are attempting to use the rate of decline in pulse rate as an index of en- 
durance in jack stock, mules, and horses. 


24.5.4: Oxygen pulse per unit weight. Our®® research on work -capacity 
indices has been chiefly concerned with the oxygen pulse per unit body weight. 

The oxygcji pulse is the oxygen consumed per heart beat. The greater the 
blood volume pumped b}' the heart per pulse for an animal of a given weight 
the slower the pulse rate. The oxygen pulse per unit body weight is, then, 
our index or the systolic output, or heart capacity, which is the usual limiting 
factor in hard muscular work. 

e shall use the following symbols in deriving our oxygen-pulse body-weight 

equation : 

O 2 = rate of O 2 consumption in cc/min. 

/ = pulse rate or frequency per minute. 

IF = body weight in Kg. 

The basal oxygen consumption in mature animals of different species, rang- 
ing from mice to elephants, is given by the equation (Ch. 13) 

O 2 = 10.21F»-7* (1) 

Employing Clark’s®® compilation and analysis of pulse rate data, the, cor- 
responding pulse-rate-weight equation is 

/ = 2171F-»” (2) 

Dividing equation (1) by (2), we obtain 


Oxygen pulse 


9i _ 

/ ~ 2171F-0-27 





indicating that the oxygen pulse, O 2 //, is directly proportional to body weight, 
to IF* ®®, and not to surface area or to or Equation (3) could be 

derived theoretically, by dimensional analysis (Chs. 13, 17). The graphic 
relation between O 2 , /, and IF is shown in Fig. 24.14a. 


Taylor, C., Am. J. Physiol., 136, 27 (1944) 

^ Yale J. Biol, and Med., 
15, 657, 671, 679, 689, 769, and 781 (1943). 

Exp. Sta. Res. Bull., 367, 1943. 

88 Clark, A. J., “Comparative physiology of the heart/' Macmillan 19^. 
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£lc]uation (3) maj'', of couree, be written 



indicating that the ratio of oxygen pulse to body weight tends to be the same 
in mature animals of all the species represented by equation (1) and (2), from 
mice to elephants. If the oxygen-pulse to body weight index is 0.05, the 
animal probably has an average work capacity ; if below 0.05 its work capacity 
is below the average ; if it is above 0.05, its work capacity* above the average. 



BODY WEIGHTWKG. 

^4 0 

Fig. 24.14a. Oxygen consumption and pulse rates as functions of body weight. 


Fig. 24.14b shows that the oxygen pulse plots practically linearly (the slope on 
log-log paper is 0.99, nearly 1.0) against body weight and that athletic men, 
horses, and dogs are above the fitted average line while non-athletic man, beef 
cattle, “tame” rabbits, and guinea pigs are below the line. 

By this type of reasoning, the oxygen pulse, defined by Hendeison and 
Prince®’ for man alone as the outstanding factor conditioning “total energy 
which a man can command for the most strenuous moments of life” was gen- 
eralized by us to include all species, from mice to elephants, a promising tool 
for comparative bioenergetics, especially for estimating work capacity, par- 
ticularly imder emergency. 

“’Henderson, Y., and Prince, A. L., Am. J. Physiol., 36, 106 (1914). 
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A useful derivation from the oxygen -pulse equation (3) in another connec- 
tion is 


a 

w 


= 0.05/ 


( 6 ) 


indicating that the basal oxygen consumption per unit weight in mature animals 
of diffo'ent species is directly proportional to the pulse rate; or that the basal 



IQ(XO 


BODY WEIGHT, KG. 

Fig. 24.14b. The oxygen pulse is virtually a linear function of body weight; it is di- 
rectly proportional to weight (not to surface, etc.). See reference 85. 

« 

oxygen consumption in mature animals of different species is directly pro- 
portional to the product of weight and pulse rate ; 


O 2 = 0.05/» 


/ 


( 6 ) 


Returning to the consideration of the oxygen-pulse index, the following table 
lists values of the resting or basal oxygen pulse per kilo of different animals 
from mice to elephants. The high values for the mouse, and perhaps rat, is 
probably without significance because it is difficult to get a mouse to remain 
quiet and to measure its pulse rate. The relatively high values for athletic 
men and animals (hoises, dogs, cats) as contrasted to the low values for the 
non-athletic (beef cattle, “tame rabbits,” sheep) is highly significant. 
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Indices of Work Capacity for Different Species. 


Species 


Mouse, ‘‘tame*? 
Rat, “tame*? 
Guinea pig 
Rabbit, “tame*? 
Rabbit 
Cat 

Marmot 

Dog 

Dog 

Dog 

Goat 

Goat 

Goat, Female 

Sheep 

Sheep 

Sheep, Male 

Woman 

Man 

De Mar (athletic) 

C. V.C. (sedentary) 

D. B.D. (sedentary) 
Shetland ponies 
Percheron horses 
Beef cow 

Steer 

Elephant 


O.Kygcn 

pufsc 

Ox>'gcn 
pulse 
per kg 

0-0024 

0.096 

.015 

.075 

.020 

.050 

.073 

.037 

.094 

.036 

.230 

.092 

.136 

.051 

.52 

.080 

.80 

.083 

1.44 

.072 

1.43 

.040 

1.75 

.053 

2.98 

.060 

2.15 

.048 

2.64 

. 053 

4.60 

.052 

2.74 

.049 

3.95 

.061 

5.0 

.081 

3.2 

.054 

4.2 

. 059 

22.6 

.080 

53.1 

.082 

23.7 

.052 

33.5 

.046 

302.0 

. 082 3 


Data and source from which the indices at 

left were computed 


(kg) 


2.0 
2.6 

2.5 

2.6 
0.5 
9.6 

20 
36 
33 
50 
45 
50 
88 
56 
05 

61.5 
59.0 

71.5 
284 
646 
457 
730 


t. 

Pulse 
rale per 
min. 

0? con- 
sumption 
(cc/min)* 

Reference 

25 

1 600 

1 

.45 

88, 89 

00 

' 440 

6.57 

88, 89 

00 

' 267 

5 

.44 

89 


205 

15.0 

89 


180 

16.9 

90 


122 

28.6 

89 


SO 

10.9 

90 


120 

62.2 

89 


96 

76 

.4 

89 


85 

122 


89 

1 

81 

116 


90 


135 

236 


89 


80 

238t 

91 


78 

168 


90 


75 

198 


89 


72 

331 1 

91 


66 

181 


90 


60 

237 


90 


52.1 

2621 

• 

92 


76.6 

248- 

• 

92 


58.2 

246- 


92 


42.9 

971t 

91 


42.8 

227 It 

91 


60 

1420t 

91 


48 

1606 


93 


31 

9377 1 

94 


vttiuvo Hi HUS uuumin were computed Irom metabol sm rlotn r«l /94 
assuming that 4.8 Calorics is the heat equivalent for 1000 cc. of oxygen* ’ 

or. I I'urthcr investigation is needed to study the influeiice of fastine 

and^ other factors on work-capacity indices. io-uenee oi lasting 

Comp^aS^New VorrE’'''' hoart,” pp. 143-145, The Macmillan 

Cited by Clark. 

Benedict, F. G., Carnegie Inst. Wash. Publ., 503, pp. 62, 176 1938 
Missouri data. * 

P%sSr.Vi36 aSr“''‘‘'''‘’ ® ’ Hurxthal, L. M., J. 

1927 Rilzmnn, Carnegie Inst. Wash. Publ., 377, pp. 226, 227, 

’* Benedict, F. G., Carnegie Inst. Wash. Publ., 474, pp. 128, 268, 1936. 


As previously explained (Sect. 24.5.2), resting values of cardio-respiratory 
capacity may not always be reliable indices of work capacity. When we 
computed®* our index values for three membei-s of a Yale crew, from resting 
oxygen consumption and pulse rate data reported by Henderson and 
Haggard,®* we found values around 0.09 for two of the crow, but only 0.05 
to O.OG for the third, the number 7 crew member. Was the low value for this 
athlete a normal variation (excitement or slight physical disturbance at the 
time of the test could have altered the relation between pulse rate and oxygen 

“Henderson, Y., and Haggard, H. W., Am. J. Physiol., 73, 193 (1925). 
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consumption) or was this number 7 crew member able to compete in this 
strenuous sport despite a relatively low index of work capacity by reason of a 
superior “will” to win, coupled perhaps with exceptional ability to go into 
oxygen debt? 

Such a question cannot be answered by a study of resting indices ; more in- 
formation may be obtained by a study of the behavior of the index imder 
working conditions. 



OXYGEN RATIO 

(WORK O^REST Oj) 


Fig. 24.15. The o.xygeii-pulse trend with increasing work rate. In order to eliminate 
differences in body size, the oxygen pulse was divided by body weight and the oxygen- 
consumption rate at given work rates divided by the resting o.\ygen consumption. 

Fig. 24.15, showing curves of oxygen-pulse per kilogram plotted against 
oxygen ratio or work level (the ratio of oxygen consumed at a given work level 
to that at the resting level) indicates that athletes (De Mar) have a higher 
oxygen-pulse-weight index at higher work levels than non-athletes (C.V.C. 
and D.B.D.), and that horses have higher oxygen-pulse-weight index values 
than men. These work ox5"gen-pulse-weight indices are very much more 
useful than rest oxygen-pulse-weight indices because they discoimt differences 
in amibition, temperament, skill, and also physiologically-compensated con- 
ditions at lower but not higher work levels. (Attempts to compare oxygen 
pulse without correcting for differences in body size and differences in resting 
oxygen consumption were not successful, as illustrated in Fig. 24.16a.) 

Summarizing this section, muscular exercise calls for the integrated action 
of many functions, any one of which may become limiting in the work capacity 
complex. On the other hand, serious faults may be compensated or masked 
by various mechanisms ; this explains occasional break-downs of great athletes 
in their apparent prime. There can, therefore, be no infallible measure of 
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work capacity ^faxiinal oxygen consumption, maximum pulmonary ven- 
tilation, mpidity of functional adjustment from rest to work and from work 
to rest are good capacity indices. Special consideration is given to the oxygen 
consumption per heart beat per unit weight (oxygen pulse per unit weight) 
as mdex of work capacity applicable to other species as well as man, regardless 
of body weight The rational (mathematical) aspects of this index are dis- 
c^ed m detail, and it is shown that the basal metabolism of mature animals 

of different species is directly proportional to the product of body weight and 
the basal pulse rate. 



Fig. 24.16a. If the o.xygen pulse and metabolism are not corrected for differences in 

body size, the curves are not comparable as here shown. Hence the corrections in 
Fig. 24.15. 


24.6: Relative economy of horse and tractor. The ma.ximum gross ener- 
getic efficiency of muscular work in animals, 25 per cent, is at least as great 
as of tractors (13-19 per cent for ignition and 22-26 per cent for Diesel-type 
engines). Animals, however, must rest, and all day energetic efficiency and 
monetary economy vary with the number of working hours (Figs. 24.10a 
to c). Table 24.3a shows that per horse-power hour, the feed cost is 2.14 
cents when the horse works 12 hours a day, 3.5 cents when he works 4 hours a 
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day, and 5.5 cents when he works 2 hours a day. On the other hand, while 
the engine does not consume fuel when at rest, the depreciation and interest 
charges are greater than for the animal, and the working hours per year are 
fewer for the tractor than for the horse. Tables 24.3b and c from Smith and 
Jones®® support our data in Table 24.3a. 



I I f I | j, , X W I 

5CO lOCXD boo 2000 5CX) lOOO 1500 2000 

O2 CONSUMPTION, CC/MIN. 


Fig. 24.16b. Blood flow, pulse rate, and systolic output as function of work rate (0 
consumption). 


Comparison between all-day monetary economy of horses and tractors is 
difficult because of the instability of relative price per unit of tractor and 
horse fuels. Thus if it is assumed that a pound TDN costs 1 cent and con- 
tains 2000 Calories, and a gallon kerosene costs 10 cents and contains 41,000 


Smith, D. D., and Jones, M. M., “Power, labor and machine 
tion.” Univ. Mo. Agr. Exp. Sta. Res. Bull. 197, 1933. 


costs in crop produc- 
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Calories, then per 1000 Calories, TDN costs \ cent and kerosene costs ^ cent. 
But feed and gasoline prices vary and overhead investments for homes and 
tmctors vaiy. There are, moreover, many considerations which do not lend 
themselves to quantitative comparisons, such as income for young stock 
utilization of pastures and other feed sources which miglit otherwise be wasted’ 
superior adaptability of horse, consideration of initial investment with its 
associated interest payments, smallness of farm for a’l2 H.P. tractor, “keeping 
the money on the farm” and so on. Table 24.3 presents estimates of effi- 
ciencies, energy costs, and hypothetical monetaiy costs and ovei head expenses 
of horse and tractor as far as they can be tabulated, leaA’ing the reader to 

compare other factors which fluctuate with our rapidly changing economic 
frame-work. 

24.7 : Summary. This chapters covers a rather broad territory ; the place 
of the horse in our national economy ; the energetic efficiency of the home in 
in comparison to machines ; work levels ; energetic cost of muscular work ; 
limiting factor in work capacity ; measures of work capacity ; relative mone- 
tary economy of homes and tractom on the farm. The sections on each of 

these topics were separately summarized from which the follomng comments 
are abstracted. 

The maximal gross energetic efficiency of muscular work is close to 25 per 
cent in both 1500-lb homes and 150-lb men : of 100 Calories energy expended 
(of fuel oxidized in the body during work) not over 25 Calories can be re- 
covered in work accomplished . This 25 per cent ma.ximum efficiency level is 

approached exponentially with increasing work rate, in accordance wth the 
law of diminishing returns. 

The gross®' and net®' costs of work increase linearly with increasing speed 
load, and home power. The gross and net costs per unit work, or per unit 
power, decrease hyperbolically with increasing power (Fig. 1.4). But the 
absolute energy cost is nearly independent of rate of work ; it is of the order of 
1000 Calories per mega foot-poimd (million foot-pounds); or 2000 Calories 
per home power-hour (Fig. 1.4). The decline of gross and net cost per unit 
work with increasing work rate is hyperbolic, the asymptote of which is the 
absolute-cost curve (Fig. 1.4). The reason for this decline of cost per unit 
work with increasing work rate is that the higher the work rate the smaller 
the fraction of total enei-gj^ expense that goes for maintenance or for mere 
walking without a load. When the work-rate is very great, the overhead > 
maintenance expense becomes negligible by comparison with total energy 
expense so that the gross and net costs per unit work become almost identical 

" Gross energy cost includes resting maintenance; net energy cost does not include 
resting maintenance cost absolute energy costs does not include cost of walking with- 
out load. Gross efficiency is the ratio of work-energy accomplished to total energy 
expended; net efficiency is the ratio of work energy accomplished to energy expended 
above that at rest; absolute efficiency is the ratio of work energy accomplished to energy 
expended. ' 
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with absolute cost; that is, gross and net costs per unit work approach asymp- 
totically the absolute cost. The analysis of the work data on the horses is 
compared with the results of thermodynamic theory (see also Chs. 2 and 3). 

An analysis is presented of relative metabolism at various levels of effort 
and the influence of body size thereon. The ratio of maximal to minimal 
oxygen consum-ption is of the same order in horses and men, namely about 20; 
the i-atio of maximal to minimal energy expenditure is of the same order in 
horses and men, namely about 100; the ratio of energy expenditure during 
sustained heavy work 8 houis a day, as encountered in daily life, to basal 
metabolism, is of the same order in horses and men, namely about 8. 

Mechanisms limiting work capacity are discussed with special reference to 
blood circulation, pulmonary ventilation, oxygen-carrying capacity of blood, 
ability to incur oxygen debt, capacity of the coronary circulation, body -tem- 
perature regulation, nutritional and hormonal factois. 

Methods of measuring work capacity are discussed critically with special 
reference to maximal oxygen consumption, maximimi pulmonary ventilation, 
metabolic-adjustment rates. Special attention is given to oxygen consump- 
tion per heart beat per unit weight (oxygen pulse per unit weight) as index of 
work capacity. 

The chapter closes with a brief discussion of the relative economy of homes 

and tractors followed by an appendix on tabular data, alignment charts, and 
supplementary charts. 


24 8: Appendix. 

24.8.1 Equations for energy cost of muscular work and for grosser overall energetic 
efficiency. If speed differences are disregarded, the relation of gross or overall energy 
expended, Qo, to horse-power, H.P., is, for Horse 19, 

Qo = 1065 + 2339 H.P. (1) 

If, however, the data are separated by speeds, then small but definite differences 
are found as shown by the following equations (upper half of Fig. 24.6a). 

Liters oxygen per minute Calories per hour 

O 2 = 3.54 -t- 7.27 (H.P.) Q. = 1062 -|- 2181 H.P. Speed = 1.15 m/hr (2) 

O 2 = 4.03 + 7.47 (H.P.) Q. = 1209 + 2241 H.P. Speed = 2.2 mAr (3) 


O 2 = 4.79 -1- 7.41 (H.P.) = 1437 -t- 2223 H.P. Speed = 3.1 m^r (4) 

Th6 gross or overall efSciency, E,, of the work may be computed from the above 
equations and from the equivalence of 1 H.P. and 642 Cal/hr (lower half of Fig. 24.6a). 


Ec — Gross or overall efficiency = 

Qo 


(5) 


Substituting equations (1), (2), (3), and (4) in equation (5) separately, gives the 
equations for efficiency at speeds 1.15, 2.2, and 3.1 miles per hour. .411 these equations 
pass through zero-zero and approach asymptotically the maximum efficiency value. 
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Thus substituting eq. (1) in (5), 


= 


(H.P.) 642 


1065 + 2339 H.P. 

Dividing numerator and denominator by H.P., 

64200 


■ X 100 


E. 


1065 

H.P. 


+ 2339 


The limiting value of efficiency becomes: 

64200 64200 


E. = 


A B 
0 - 1-0 


1065 


i 


+ 2339 


2339 


= 27.4% 


a 


B 


> 3 - 4-3 0 


( 6 ) 


(7) 


( 8 ) 


ioo-4-jqo 




2oo-k=iaooS 


< j < 
Q 3CD-+-!^QOO 


2000 



10-4-20 


tXAMPt: A HOItSt PULLING A DRAFT 
OF 200 POUNDS AT A SPEED OF 
2.S MILES PER HOUR IS WORKING AT 
THE RATE OF 1.33 HORSE-POWER 


0 

1 

L>_> 


1.0 


SOO— I-2SOO 


Fig. 24.17. Alignment chart for estimating horse power from draft (tractive pull) 
and speed. Thus to convert a 200-pound draft pulled at 2.5 miles per hour into horse- 
power stretch a string between 200 on the left scale and 2.5 on the middle scale and read 
the answer (1.33 horse-power) on right scale. 
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Similarly for equations (2), (3), and (4) the maximum efficiencies are: 


29.4% for speed 1.15 mph 

(9) 

28.6% for speed 2.2 mph 

(10) 

28.8% for speed 3.1 mph 

(11) 


These gross maximal efficiency values are evidently too high after we said that the 
maximal gross efficiency cannot exceed 25 per cent. 

The problem of maximum efficiency may be approached from another point of view. 
The course of efficiency with increasing horse-power resembles the age curve of growth 
in weight represented by the equation Y = A - This exponential equation was 

therefore fitted to the data by rectification on semi-log paper, as outlined in Ch. 16 


WORK DONE 



Fig. 24.18. Alignment chart for estimating overall, or gross, energetic efficiency (on 
basis of 24-day maintenance) from body weight of horse and amount of work accom- 
plished per day. Thus, if it is desirable to find the gross energetic efficiency of a 1000- 

E ound horse working at the rate of 11 horse-power-hours per day, stretch a string 
etween 1000 on left scale and 11 on the right scale and read the answer, 17.5 per cent, on 
the middle scale. 
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with the following results: 


Eo = 25.0 (1— ” H P ) 
Eo = 24.5 « H P.) 

Eo = 24.0 (1— H P.) 


Speed = 1.15 mph 
Speed = 2.2 mph 
Speed = 3.1 mph 


( 12 ) 

( 13 ) 

( 14 ) 


The resulting curves and the accuracy of the fit are shown in the lower half of Fig 
i54.Da, and are entirely reasonable. 

It may be noticed that equation (7) more nearly represents the data in the region 
from about 0 to 0.75 H.P. than equations (12), (13), and (14). On the other hand, (12), 
(13), and (14) more nearly represent the data from about 0.75 to 2 H.P. .\bove 2 II P 
there is little difference within the range of the data. 

The e.xponential-equation method (12, 13, 14) appears to be better suited for relating 
the course of overall efficiency with increasing horse-power than the “rational” sub- 


IDH 


40 


WORK DONE 

* 5 - 1-20 


BODY WEIGHT 


2000 


900 


35 


to 


o 


O 


1500 


700 


1000 


500 


600 


o 

s 


400 


30 


25 


o 




0 

t 

1 


2o^ 


O 


15 


O c 
o 5 


15 


0 

X 

1 


o 

*0 Z 

o 


(XAMPU: A 1250 POUND HOHSl 
WOPKING AT THf PATC Of 9 
HOPS£-POW(R-HOUP5 Ptt DAY 
RtQUIUS APPPOXIMATCIY 2l POUNDS 
Of TJUl Ptt DAY 

NOTC: HOISf-POMR-HOUP IS 
TH£ PPOOUCT, HORSe-POWtR « 
HOURS WOPWD. 


2 

o 


io 


Fig. 24.19. Alignment chart for estimating feed (TDN requirements) from body weight 
of horse and work accomplished. To find TDN required by a 1250-pound horse workin 
at the rate of 9 horse-power-hours per day, stretch a string between 1250 on left scale an 
9 on right scale and read the answer, 21 pounds TDN, on the middle scale. 
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stitution method (6, 7, 9, 10, 11), first, because the substitution method is based on the 
assumption that the energy expense is a linear function of horse-power. This assump- 
tion probably does not hold for higher horse-powers (see Fig. 24.3). The exponential 
equation, on the other hand, is frankly empirical, used with the full understanding that 
efficiency goes through a maximum, after which it declines rapidly with increasing 
horse-power. In other words, there is an implicit limitation against the use of the 
exponential equation beyond a certain value. Moreover, the maxima overall efficiency 
values obtained by the exponential-equation method (24 per cent to 25 per cent) appear 
to be more reasonable than the maxima derived by the substitution method (28 per cent 



Fig. 24,20. Alignment chart for estimating profit or loss on horse at given work price 
(10 cents per horse power), and given feed price ($1.00 per 100 pounds TDN) from body 
weight of horse and work accomplished per day. 



i/r.'Tr iro/,7\ 



to 29 per cent . rinally, the expeneniial equatinn fits" the .lata het-. rin the i'll I 
ropon, which represents the "stan.lar.r' p.mer output of a horM-. 



I 1^' 21.21. I hot 0^1 .'i|>h (Jilt t iijii] I incf .’t|)[>atMt us ‘ Cf l 21 1 ' 


'^^Tho irn‘Kulanti(*s of tlu- -la!:. an‘ ^luc lai-clv to tli,- i;,cr that tia-v uoro secured 
u vary j UK int(u*val.M. in (jiic ca>c , -mout \\> apart . u hen t he lioi.-e^ uer(‘ in widtdv v arvint: 
physical eondition> and Ixjdy ueiKht.-^. The l.VMi-pouiai horM‘ uotked on aiioinlviuK 
larm a eonsideraljle .li.Manee injin th(‘ lal.orar,>rv. and ewiild rarelv I).* spared for 
incasuiaunents; the pony hk(^ulS(f workei in a mine s(jine dis»ance a'.vav. 
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In connection with the discussion of relative reasonableness of 24 per cent to 25 per 
cent and 28 per cent to 29 per cent as gross efficiency maxima, it may be noted that the 
'^absolute efficiency’' (equation 3.3) is the theoretical maximal limit of gross and net 
efficiency. The absolute efficiency represented by the bottom curve of Fig. 1.4 (end 
of Ch, 1) is of the order of 30 per cent; therefore, gross and net, efficiency can never 
reach 30 per cent, but approach 30 per cent as a limit, 28 per cent to 29 per cent is too 
close to the maximum to be reasonable. 

As regards the influence of the number of hours worked per day on efficiency and 
profit, all-day work efficiency is, of course, much below working-hour efficiency, and it 
varies with the number of working hours as illustrated in Fig. 24.10 and the following 
equations. 

The equation for all-day efficiency, as function of hours worked per day may be 
derived from equation (1) and from the energy expended during standing. If N is 
number of hours worked, and 607 Cal arc expended per hour while standing at rest, 


Fig. 24.22. Photograph of the Kaiser-Wilheliu Institute for the physiology of work, 
Dortmund, Germany (1931). 


then the all-day energy expended, Qo, is 


Qo = C2A - N) 607 + N (1065 + 2339 H.P.) 
The caloric equivalent of the work accomplished is 

= 642 X H.P. X N 

The gross or overall efficiency, Eoy is then, 

^ ^ 642 H.P. X N 

Qo (24 - N) 607 + N (1065 + 2339 H.P.) 


(15) 

(16) 

(17) 


This equation may be simplified by assuming the horse to work at the rate of one 
horse-power and collecting terms, giving, 



642 

14570 + 2793 N ' 


which is the equation of the curve of Fig. 24.10c (right side). 
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Hiffprpnr"‘f ‘ Of profit witli hours worked per duy (left side of above Fig ) gives a 
dferent picture We may assuui.> the value of work aeeomplish.al to be lo/pL horse' 

po«er-hour and the cost of the feed 1<‘ per lb 77;.V. Since 1 horse-power-hour is equiva- 

J 



o">' liel.l-work metabolism apparatus The trailer o 
which the weight eigometer is mounted is [lulled bv the ear at he desired siieed and th 

eonneeted by a mask to gas meter and aliiiuoting aimaratu 
within the car This apparatus was built bv .James Sapiiington unde t he earlv direc 
tion of ('. W'. Winchester and later direction of II . II K l.le u I . ' . ? 

wiHdfVt*^'' ^ r ^ , of ■'^K'iculture and the I ni’v. Missouri v'-r Fxp \sta 

within the >eai on its detads and e\|)erinient.al results obt.ained therewitii. 



u.dicating how the animal [lulls on the 


woij'lii 



■.Ml. to ,i,2 (-aUnd 1 11, r/M- to IHI , Cal, we have dollar per Cal of work accom- 

phsheil, and dollar ,,er Cal of energy expended. Thus, referring to e(|uafion.s 

15 and 16. the equation for profit fthe value of work aceomplishcd minus the cost of 
feed ro(|uiro(I) miiy be written 
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T , . -10 ^ .01 ^ 

Profit - Qo 


( 18 ) 


642 


X 642 X H.P. X N 


_ f 0^ 

(1814 


[(24 - N) 607 + N (1065 + 2339 H.P.)] \ (19) 


For a work rate of one-horse this equation reduces to 


Profit = .lOA’ - .01 


14570 + 2793Ar 
1814 


= - .0803 + .0846A^ 


(20) 


The above equation indicates that, unlike efficiency, profit is linearly related to the 
number of hours worked. 


Fig. .24.230. The connection of the animal’s muzzle to the gas meter. 



In brief, as shown in Fig. 24.10c, the increases in all-day efficiency (a ratio) with 
increasing number of hours worked per day decreases; but the increase in profit (a 
difference) per day is constant ;^that is, the profit increments per day per animal increase 
linearly with the number of hours w^orked per day, but the efficiency increment de- 
creases exponentially with increasing work hours per day, 

24.8.2 : Alignment charts. Some of the above aspects may be represented as align- 
ment charts or nomographs (for methods of construction see Univ. Missouri Agr. Res, 
Bull. 239, 1936. 

Relation between load, speed, and horse power. Fig. 24.17 shows this relation. Thus, 
if it is desired to find the horse-power developed when a 200-lb draft is pulled at the 
rate of 2.5 miles an hour, a straight edge is placed (or a string is stretched) across the 
chart between points 200 on the draft scale and 2.5 on the speed scale, and the answer, 
1.33 horse-power, is read on the horse-power scale. Draft values on scale A, of course, 
refer to horse-pow'er values on scale A, and draft values on scale B refer to horse-power 
values on scale B. Similar technique is used in the other charts. 

This nomograph was constructed from the relation 


5280 


H.P. = D X 


1980000 


X S ^ D X 0.0026678 


( 21 ) 






t 
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Relation between bwh/ weight, work accomplished, and overall or gross efficiency. This 
IS shown in Fif;. 24.18. E.\ami)lp; A lOOO-lh horse performing 100 horse-power-hours 
of work per day (24 hours) has an all-day (ineluding resting time) mechanical efficiency 

of \i>i per cent (answer obtained on efficiency scale by stretching string between 1000 
on body -weight scale and 11 on horse-power-hour scale). 

I'ig. 24.18 is ba.sed on the TDN partition ef|uation (Ch. 21). 


TON = 0.0.53.1/'> -’ + 1.27 H.P.-hr 


(23) 


in which the maintenance term is assumed equal to that found for cows (Ch. 21), 

0.0,03.1/“ 'A The work term, 1.27 H.P.-hr, is derived from the linear relation of qI 

to H.P. (equation 1 in which it is seen that 2.300 Cal/hr arc e.xpended per H.P. above a 
constant for maintenance). 

By definition, the gross or overall efficiency is 


E.= k^^% 

TDN 


(24) 


where k is a factor for converting the work and feed to the same units, and multiplying 
by 100 for percentage. If TDN is expressed in pounds (1 lb TDN = 1814 Cal), k = 35.34. 
Substituting equation (23) in (24) gives, 




35.34 H.P.-hr 


.053ilP-73+ 1.27 H.P.-hr ' 


(25) 


Taking the reciprocals 


J_ ^ .053il/Q-^3 L27 H.P. -hr 

Eo 35.34 H.P.-hr 35.34 H.P^ 


(26) 


or 


2 

E. 


. 001500 ^ 1 / 0^3 

H.P.-hr 


+ 0.03594 


(27) 


Let .0015004/0 73 = x, - 


1 


H.P.-hr 


= Yy and 


comes, 


“ .03594^ = Zy then equation (27) bc- 


Z = X-Y 


(28) 


which is the general equation of the Z type chart (Univ. Missouri Agr Exp Sta Res 
Bull. 230, 1036). 

Feed standard: Feed (TDX) needs for different body weights and work rates. Fig. 
24.19 represents the rcIaUon between body weight of horse, work accomplished per day 
(of 24 hours), and feed in the form of TDN required per day (of 24 hours). Thus a 
1250-Ib horse working at the rate of 9 horse-power-hours of work per day needs about 
21 lb TD\ per day. Fig. 24.19 is supplemented by Tables 24.3c and d. 

Fig. 24.19 is merely an adaptation of equation (23) to^ an alignment chart. By letting 
TDN = Zy 0.0534/0 73 x- and 1.27 H.P.-hr = K, equation (23) may be rewritten 


Z = X + Y (29) 

which is the general equation of the parallel line chart (Univ. Missouri Agr Exp Sta 
Res. Bull. 239, 1936). 

Profit for given xvork rates by horses of different body weight, represented in Fig. 24.20, 
^as constructed on the assumption that feed for horses costs 1 cent per pound TDN, 
and work power sells at 10 cents per horse-power-hour. Work is estimated, with the 
aid of Fig. 24.1/, from the load pulled and the speed with which it was pulled. 
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By profit we mean value of work h'ss cost of feed. Assume tlie cost of feed to bt- 

$1.00 per 100 lb y/)A', and the value of the work done, 10 cents per horse-[)o\vGr-hour 
($1,00 per day for a 10 11. P. -hour day). 


Profit = 0.10 Il.P.-hr - 0,01 TDN 


Sul)stituting equation (23) in (30) gives, 


(30) 


Profit = 0,10 H.P.-hr - 0.01 (.053df0‘"3 + 1.27 Il.P.-hr) 


or 


Profit = 0.0S73 (H.P.-hr) - 0.0(M)53.U<> *3 


Let (-0.00053d/« '3) 
becomes 


(31) 


(32) 


— A, 0.0S73 H.P.-hr = 1', and Profit = Zy then eiiuation (31) 


Z = X -h Y (33) 

which is the general equation of the parallel line chart (Ihiiv. Missouri Agr. hAp. Sta. 
Res. Bull. 239, 1936). 


Table 24.1. Data for Shetland Ponies and Perchcron Colt. 


EncTrgy 

Output 

(Cal/hr) 


Energy 

Expense 

(Cal/hr) 


Efhciency of 
Work ('’it) 


Card iorespi i a lory 
.Activities 


R.'itio.'i 


Expt. 


1® c. s >- 


c,. c 

• Cl 

X 






I b 


O 

X ^ X A X 


tj -^ir ^ 

. ^ ••• 


ui’s 


V C 


B 

o t 

'Z c. 
5 


Z. rS 
r. ^ 
U 

dC. 


2 2 H P. 

I » 

= ^ M lbs. 
^ i wt. of I 


^ c— I horse) 


(A) ShcUanil Pony No. 2 9 ■ Age 4 years. Weight 586 lbs. (266 kgs.). Walking at 1.15 miles per liour 

(50.85 meters per minutej. 


Standing 0 — — 241 

Walking 0 -- — .527 

Working' 25 40 O.OS (550 

Working 50 OK 0.15 K20 

Working 75 147 0.23 027 

Working 100 197 0.31 1056 

Working 125 246 0.38 12K3 

Working 150 295 0.4(5 151K 

Working 175 344 0.54 1575 


2S6 
4 IS 
570 
6S(i 
K15 
1042 
1277 


132 7.4 11.7 

293 12.0 16.9 
400 15.9 21.4 
529 IS. 7 i24.2 
756 19.2 23.6 
991 19.4 23.1 


1334 I104S 21.8 125. K 


— 40.3 

— 43.4 

37.1 46.4 

33.4 46.4 

36. 5 49.2 

37.2 51.2 

32.5 57.2 

29. 5 60.0 
32.8 60.4 


14.7 

21.5 

24.0 
2.S.4 

33 . 7 

36. 1 

40.7 

3.5.7 

44.6 


5.50 
5.67 
6.00 
6.06 
5 . 90 
6.26 
6.96 
7.32 
7.44 


1 SI 

- 

122 

« 

144 ' 

.000137 

172 

.000256 

199 

■.000392 

226 

!. 000529 

283 

I.U00II4S 

2S3 

.000785 

332 

i. 000921 

1 


— 1.00 
— 2.19 

.043 2.73 
.0S5 3.41 
.128 3.K5 
.171 4.38 
.213 5.32 
.256 6.30 
.299 6.54 


(B) Shetland Pony No. 2 9. Ago 4 years. Weight 600 ll».s. (272 kg). Walking ul 2.2 miles per hour (59.00 meters 

per miinite) 


Standing 0 — 

Walking 0 — 

Working 25 94 

Working 50 188 

Working 75 282 

Working 100 376 

Working 175 470 

Working 150 564 


0.15 


261 

637 

K39 


10.29 1073 
0.44 1362 
0.59 1665 
0.73 2092 
0.88 2533 


— — — — — 39.4 12.6 5.21 

376 — — — — 43.4 20.9 5.64 

578 202 11.2 16.3 46.5 46.1 27.5 5.63 

812 436 17.5 23.2 43.1 50.2 33.5 5.96 

MOl 725 20.7 25.6 3S.9 53.9 40.2 5.97 

1404 1028 22.6 26.8 36. (» 61.3 42.2 6.58 

1831 1455 22.5 25.7 32.3 60.7 41.9 7.60 

2272 1896 22.3 24. S 29.7 69. S 46.5 I7.S2 


65 , 

_ 

IIS 


155 

.000250 

1 200 

.000483 

240 

.000733 

278 

.00098.3 

319 

.001217 

364 

1 

.001467 1 

1 


— 1 . 

2 . 

042 5! 
083 4. 
125 5. 
167 6. 
208 S. 
250 9. 


(C) ShctlandPony No.3cf. Agc2ycar.s. Weight 014 lbs. (279 kgs). Walkingal 1. 15 mile.s pei lumi (30.85 metor.^ 

per miiintc). 


Standing 

Walking 

Working 

Working 

Working 

Working 

Working 

Working 


0 

1 


257 




0 

1 

i 


469 

212 


— 

25 

40 

0.08 

632 

375 

163 

: 7.8 

50 

08 

0.15 

769 

512 

300 

12.7 

75 

147 

0.23 

880 

623 

411 

16.7 

100 

197 

0.31 

1070 

813 

601 

18.4 

125 

246 

0.38 

1211 

954 

742 

20.3 

150 

205 

0.46 

1490 

1242 

1030 

19.7 


— — 42.9 16.8 5.23 

— — 43.3 23.! 4.9S 

13.1 .30.1 46.5 30.5 4.91 

19.1 32.7 49.4 31.2 5.22 

23.6 35.8 48. 6 36.1 5.10 

24.2 32.8 57.7 39.6 5.65 

25.8 33.2 58.3 42.6 5.78 


ss 

1 

115 


150 

.0001.30 

16.3 

!. 000244 

iS4 

.000374 

224 

.000505 

246 

.000619 

269 

.000749 

1 


1.00 

1.82 

2.46 

2.99 

3.42 

4.16 

4.71 

5.83 
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Table 24.1. — Continued. 


Energy 

Output 

(Cal/hr) 


Energy 

Eixpense] 

(Cal/hr) 


Efficiency of 
Work (%) 


Cardiorespiratory 

Activities 


Ratios 


Expt. 


^4 


o c. 

b: £ 

w O 

o 


o ^ 

♦ 


O o 

^ C 


0.1 

u 


6 5)22 




•5 c 
<.«> 
' o 

ui® 

^ o 


y.s 

-ie 


.2 V 


a rt 

fA ^ 
V ^ 


C V 

o a 

w t/i 

4) ^ 


H.P. 

M lbs. 

(M = 
wt. of 
horse) 


Draft 
M lbs 


(D) Shetland Pony No 


.3<f. .\ge2years. Weight 5S9 Ihs. (267 kgs). Walking at 2.2 miles per hour (59.00 meter 

per minute) 


Statwling 

0 

Walking 

0 

Working 

25 

Working 

50 

Working 

75 

Working 

100 

(E) Percheron Co 

Staiuling 

0 

Walking 

0 

Working 

25 

Working 

50 

Workii»g 

75 

Working 

100 


94 0.15 
188 0.29 
282 0.44 
37G 0.59 


" 4.03 

560 300 — — — — 47.3 28.4 3.91 

827 507 267 11.4 16.6 35.2 49.6 36.2 4 01 

1120 860 560 16.8 21.9 33.6 54.1 41.7 4 33 

1401 1141 841 20.1 24.7 33.5 60.9 46.1 4.86 

1693 1433 1133 22.2 26.2 33.2 65.7 48.7 5 97 


59 

111 

145 

181 

224 

291 


.000255 

.000492 

.000747 

.001002 


— — 550 — — 

— — 1158 60S — 

94 0.15 1461 911 303 

188 0.29 16S3 1133 525 

282 0.44 1927 1377 769 

376 0.59 2221 1671 1063 


meters per minute). 

— — — 51.6 19.7 5.83 

— — — 55.2 35.1 6.06 

6.4 10.3 31.0 56.9 40.5 6.23 

11.2 16.6 35.8 60.7 45.6 6.34 

14.6 20.5 36.7 65.4 47.6 6.46 

16.9 22.5 35.4 62.0 47.1 6.72 


115 — 

213 — 

252 .000140 
289 .000276 
308 .000418 
316 .000561 


— 1.00 
— 2.15 
042 3.18 
085 4.31 
127 6.39 
170 6.51 


P3r hour (59.00 


— 1.00 
— 2.11 
.024 2.66 
.048 3.06 
.071 3 50 
.095 4.04 


Expt. 


Standing 

Walkittg 

25 

50 

75 

100 

125 

150 

175 


Table 2-1. la. Statistical Constants for Pony No. 2. 

Pony No. 2 Speed 1.15 mi/hr = 30.85 meters/min. 


Total Energy Expended 
(Qo) 


Pulse Rate 


Tidal Air (liters) 


N M 


241 

527 

659 

820 

927 

1056 

1283 

1518 

1575 


30.2 

33.0 
35.7 

38.1 

45.2 
72.6; 

54.3 
100.5 

64. 6 


P.E, 


dbS 

di9 

±12 

±13 

±i5 

±24 

±18 

±34 

±22 


(c;,) 


N M 


12.5 7 40.3 1.89 

6.3 7 43.4 2.75 

5.4 5 46.4 2.33i 

4.6 5 46.4 2.33 

4.9 5 49.2 4.31 

6.9 5 51.2 5.31 
4.2 5 57.2 2.40 

6.6 5 60.0 4.38 
4.1 5 60.4 5.99 


P.E, 


±0.5 

± 0.8 

± 0.8 

± 0.8 

±1.5 

±1.8 

± 0.8 

±1.5 

± 2.0 


V 

(%) 

4.7 

6.3 

5.0 

5.0 

8.S 

10.4 

4.2 

7.3 
9.9 


N M 


5.50 

5.67 

6.00 

6.06 

5.90 

6.26 

6.96 

7.32 

7.44 


P.E, 


V 

(%) 


0.374 

0.534 

0.537 

0.467 

0.126 

0.233 

0.174 

0.449 

0.344 


±0 

±0 

±0 

±0 

±0 

±0 

±0 

±0 

± 0 . 


10 6.8 

15 9.4 
18 9.0 

16 7.7 
04 2.1 
08 3.7 
06 2.5 
15 6.1 
12 4.6 


iM = 


Number of data points represented in average 

V V ^ 

Mean = — • 

N 


= Standard deviation = 


P.Em — Probable error of mean = 


= /F - 


Zd^ 

.G745(r 

Vn - “i 


(A/a:) 


V (%) = 


Percent variation = — - X 100. 

M 


Ventilation Rate 
(lit. /min.) 


7 80.9 

7 122.4 
5 144.4 
5 172.4; 
5 199.2 
5 225.6 
5 283.2 
5 283.2 
5 332.2 


11.95 

19.64 

26.46 

9.13 

25.31 

28.28 

25.86 

34.83 

27.05 


■P.E, 


±3.3 

±5.4 

±8.9 

±3.1 

±8.5 

±9.5 

±8.7 

±11.7 

±9.1 


(%) 

14.8 

10.1 

18.3 

5.3 
12.7 
12.5 

9.1 
12.3 

8.1 
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MUSCULAR WORK 


Table 24.2, Data for Percherou Gelding No. 19. Age 4^ years. 


1 

1 

1 

1 

Expt. 

* 

Draft (lbs) 

Energy 

Output 

(Cal/hr) 

Energy 

Expense, 

(Cal/hr) 

Efficiency of 
Work {%) 

Cardiorespiratory 

Activities 

Ratios 

Room Temp (“C) 

Qui.a. (Work 
accomplished 

H.P. (Horse- 
Power) 

Qo (Overall 
energy) 

Qn (Net energy) 

Qa (Absolute 
energy) 

O.E. (Overall 
efficiency) 

N.E. (Net 
efficiency) 

A.E. (absolute 
efficiency) 

Pulse (rate per 
min) 

Respiration 
(rate per min) 

Tidal Air (liters) 

Ventilation rate 
(liters per min.) 

HP. 

M lbs. 

(M = 
wt. of 
horse) 

Draft 

ft 

M Ihs 

(A) Walking at 1.15 miles per hour (30.85 meters per minute). Body weight 1514 lbs. (687 kgs). 

Standing 

0 



548 


MM 


1 


36.8 

10.6 

9. 68 

103 



1 00 

Ifl 

\\alking 

0 

— 


1174 

626 

! 

1 

1 



41.3 

26.7 

8.74 

233 



2 14 

i yJ 

\i\ 

Working 

50 

98 

0.15 

1383 

835 

209 

7.1 

11.7 

40.9 

40.4 

31.2 

8.61 

269 

.000099 

.033 

2 52 

1 \f 

14 

Working 

75 

147 

0.23 

1558 

1010 

384 

9.4 

14.6 

38.3 

40.4 

32.7 

8.87 

290 

.000152 

.050 

2 84 

k s 

in 

Working 

100 

197 

0.31 

1698 

1150 

524 

11.6 

17.1 

37.6 

42.0 

31.8 

9.32 

296 

.000205 

.066 

3 10 

1 u 

in 

btanding 

0 


— - 

637 

— - 



— 


45.8 

17.3 

7.94 

137 



1 00 


Walking 

0 

— 

— 

1163 

526 

1 


•M. 


47.0 

35.5 

7.87 

279 




1 

ft o 

2S 

Working 

125 

246 

0.38 

1930 

1293 

i 767 

12.7 

19.0 

32.1 

51.1 

35.4 

10.13 

359 

.000251 

.083 

3 03 

ftO 

2S 

Working 

150 

295 

0.40 

1980 

1343 

817 

14.9 

22.0 

36.1 

52.9 

35.1 

10.11 

355 

.000304 

.099 

! 3 11 

ft'’ 

28 

Working 

175 

344 

0.54 

2117 

1480 

, 954 

16.2 

23.2 

36.1 

51.2 

35.4 

llO.SO 

382 

.000357 

.116 

3 32 

28 

Working 

200 

393 

0.61 

2202 

1625 

1099 

17.4 

24.2 

35.8 

53.2 

33. S 

10.93 

369 

.000403 

.132 

3 55 

29 

Working 

225 

442 

0.69 

2362 

1725 

1199 

18.7 

25.6 

36.9 

53.3 

36.1 

10.89 

393 

.000456 

.149 

3 71 

29 

Working 

250 

492 

0.77 

2487 

1850 

1324 

19.8 

26.6 

37.2 

54.9 

36.4 

11.13 

405 

.000509 

.165 

3 90 

2S 

Working 

275 

541 

0.84 

2752 

2115 

1589 

19.7 

25 . 6 

34.0 

55.3 

36.8 

11.92 

439 

.000555 

.182 

4.32 

27 

Working 

300 

590 

0.92 

2824 

2187 

1661 

20.9 

27.0 

35.5 

57.3 

37.2 

12.03 

448 

.000608 

19$ 

4 43 

27 

Working 

325 

639 

1.00 

3095 

2458 

1932 

20.6 

26.0 

33.1 

58.4 

37.4 

12.18 

455 

.000661 

.215 

4 86 

27 

Working 

350 

1 

688 

1.07 

3404 

2767 

2241 

20.2 

24.9 

30.7 

60.5 

39.7 

12.89 

512 

.000707 

.231 

5.34 

2s 

Working 

375 

737 

1.15 

3577 

2940 

2414 

20.6 

25 1 

30.5 

61.4 

39.7 

13.16 

52:j 

.000760 

.248 

5.62 

2S 

Working 

400 

787 

1.23 

3770 

3133 

2607 

20.9 

25.1 

30.2 

65.0 

40.1 

13.46 

540 

.OUOSI2 

.264 

5.92 

27 

Working 

425 

! 836 

1.30 

3999 

3362 

2836 

20.9 

24.9 

29.5 

66.0 

41.4 

13.74 

509 

.000859 

.281 

6 28 

27 

Working 

450 

885 

1.38 

3724 

3176 

2550 

23.8 

27.9 

34.7 

60.7 

38.0 

14.42 

54S 

.000911 

.297 

6.80 

20 

Working 

475 

034 

1.46 

3939 

3391 

2705 

23.7 

27.5 

33.8 

60 . 0 

38.5 

14.20 

547 

.000964 

.314 

7.19 

20 

Working 

500 

983 

1.53 

4315 

3767 

3141 

22.8 

20.1 

31.3 

61.5 

39.1 

14.90 

5S2 

.001011 

.330 

7.87 

20 


(B) Walking at 2.2 miles per hour (59.00 meters \ier minute). Body weight 1530 lbs. (694 kg). 


Standing 

0 



553 





_ 1 

40.8 

13.6 

8.52 

116 



1.00 

20 

Walking 

0 



1422 

869 

— 




43.6 

31.9 

9.34 

29S 



2.57 

22 

Working 

50 

188 

0.29 : 

1850 

1297 

428 

10.2 

14.5 

43.9 

46.0 

39.5 

9.70 

383 

.000190 

.033 

3.35 

22 

Working 

75 

282 

0.44 

2042 

1489 

620 

13.8 

18.9 

45.4 

46.8 

40.4 

10.23 

413 

.000288 

.049 

3.69 

22 

Working 

100 

376 

0.59 

2368 

1815 

946 

15.9 

20.7 

39,7 

47.2 

38.5 

10.93 

421 

.000386 

.065 

4.28 

22 

Standing 

0 



670 

— 


— 

— 


43.2 

16.8 

7.98 

134 

- 


1.00 

28 

Walking 

0 

— 

— 

1607 

937 





46.8 

36.9 

8.59 

317 


, 

2.40 

28 

Working 

125 

470 

0.73 

2908 

2238 

1301 

10.2 

21.0 

36.1 

54.4 

39.4 

11.33 

446 

.000477 

.082 

4.34 

28 

Working 

1 150 

564 

0.88 

3113 

2443 

1506 

18.1 

23.1 

37.5 

56.6 

39.6 

12.25 

1 485 

.000675 

.098 

4.65 

28 

Working 

i 175 

658 

1.03 

3350 

12680 

1743 

19.6 

24.6 

37.8 

57.1 

39.4 

12.63 

498 

.000673 

.114 

5.00 

28 

Working 

1 200 

752 

1.17 

3651 

2981 

2044 

20.6 

25.2 

j36.8 

61.5 

39.7 

12.61 

500 

.000765 

.131 

5.45 

1 ft' ^ 

28 

Working 

i 225 

846 

1.32 

4031 

3361 

2424 

21.0 

25.2 

34.9 

62.1 

39.4 ' 

13.28 

523 

.000863 

.147 

6.02 

27 

Working 

; 250 

941 

1.47 

4232 

3562 

2625 

22.2 

26.4 

35.8 

64.4 

41.7 1 

14.23 

593 

.000961 

.163 

6.32 

27 

Working 

275 

1035 

1.01 

4650 

3980 

3043 

22.3 

26.0 

34.0 

66.9 

41.9 

14.34 

i 601 

.001052 

.180 

6.04 

28 

Working 

300 

1129 

1.76 

5008 

4338 

3401 

22.5 

26.0 

:J3.2 

66.6 

41.8 

14.42 

002 

.001150 

.196 

7.47 

28 

Working 

325 

1223 

1.91 

5400 

4730 

3793 

22.6 

25.9 

132.2 

63.3 

47.7 

14.16 

675 

1.001248 ' 

.212 

8.00 

27 

Working 

: 350 

1 

1317 

2.05 

5651 

4981 

4044 

23.3 

26.4 

,32.6 

69.2 

47.3 

14.90 

704 

.001340 ! 

.229 

8.43 

27 

Working 

375 

1 

1411 

2.20 

5752 

5082 

4145 

24.5 

27.8 

34.0 

69.5 

47.4 

15.35 

727 

.001438 

.245 

8.59 

27 

Working 

400 

1 

1505 

2.35 

0337 

5667 

4730 

23.7 

26.6 

31.8 

73.0 

50.4 

16.22 

818 

.001536 

.261 

9.46 

27 


(C) Walking at 3.1 miles per hour (83.15 meters per minute). Body weight 1558 Ib.s. (707 kg). 


Standing 

1 

0 


— - 

531 






42.7 

11.5 

8.98 

103 



MRII 

17 

Walking 

! 0 

— 


1845 

1314 

•MM 

— 


MM 

44.8 

39.2 

10.64 

417 


MM 

3.47 

18 

Working 

1 50 

265 

0.41 

2256 

1725 

411 

11.7 

15.4 

64.5 ' 

43.2 

45.5 

11.77 

526 

.000263 . 

.032 

4.25 

17 

Working 

75 

398 

0.62 

2623 

2092 

I 778 

15.2 

19.0 

51.2 

45.0 

41.7 

12.23 

510 

.000398 

.048 

4.94 

16 

Working 

100 

530 

0.83 

2915 

2384 

1070 

18.2 

22.2 

49.5 

47.0 

41.0 

12.60 

516 

.000533 

.064 

5.49 

17 

Standing 

0 

— 

— 

705 

— 

1 

— 

— 


44.2 

17.6 

7.85 

130 



1.00 

27 

Walking 

0 

— 

MM 

2130 

1425 


— 



151.4 

48.1 

9.73 

468 

MM 

■ M ■ 

3.02 

27 

Working 

125 

063 


3850 

3154 

1729 

17.2 

21.0 

38.3 

156. G 

47.2 

12.67 

598 

.000661 

.080 

5.47 

27 

Working 

150 

795 

1.24 

4320 

3615 

2190 

18.4 

22.0 

'36.3 

158.7 

46.3 

13.23 

613 

,000796 

■oim 

6.13 

27 

Working 

175 

928 

1.45 

4523 

3818 

2393 

20.5 

24.3 

138.8 

|60.9 

47.2 

13.29 

1 627 

.000931 

.112 

6.42 

27 

Working 


1061 

1.65 

4833 

4128 

2703 

22.0 

25.7 

139.3 

;59.6 

46.7 

13.62 

' 636 

.001059 

.128 

6.86 

28 

Working 

225 

1103 

1.86 

,5410 

4705 

3280 

22.1 

25.4 

36.4 

65.7 

47.4 

14.19 

672 

.001194 

.144 

7.67 

28 

Working 


1325 

2.07 

5800 

5095 

3670 

22.8 

26.0 

36.1 

70.0 

48.8 

13.60 

663 

.001329 

.160 

8.23 

28 

Working 

275 

1458 

2.27 

6271 

5566 

4141 

23.2 

26.2 

35.2 

67.4 

50.0 

14.21 

711 

.001457 



28 

Working 


1590 

2.4$ 

6710 

6014 

4589 

23.7 

26.4 

34.6 

66.8 

48.2 

15.45 

744 

.001592 

.193 

9.53 

28 

W'orking 

325 

1723 

2.69 

7029 

6324 

4899 

24.5 

27.2 

35.2 

70.4 

48.3 

16.03 

774 

.001727 

HOl 

9.97 

27 

Working 


1855 

2.86 

7416 

6711 

5286 

25.0 

27.6 

35.1 

74.4 

48.9 

16.13 

788 

.001859 

.225 

[mRI 

27 

Working 

375 

1988 

3.10 

7907 

7292 

5867 

24.9 

27.3 

33.9 

74.3 

49.8 

16.52 

823 

.001990 

.241 

11.34 

28 

Working 

i^K. IIIIH 

■il 


3.31 : 

m 



24.4 

26.5 

32.3 

85.3 

49.8 

18.48 

921 

.002125 

.257 

12.34 

23 
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Table 24.3e. Pounds Digestible Nutrients Required by Horses of Different 

Live Weights Working Different Number Hours per Day.* 

(Supplement to Fiif. 24.19) 


Hours 

worked 


Body W ight 


per day 

600 

700 

800 

900 

1000 

1100 

0 

A 

5.7 

6.3 

7.0 

7.6 

8.2 

8.8 

1 

6.1 

6.8 

7.6 

8.3 

8.9 

9.6 

2 

6.6 

7.3 

8.2 

8.9 

9.7 

10.4 

3 

7.0 

7.9 

8.8 

9.6 

10.4 

11.3 

4 

7.5 

8.4 

9.4 

10.3 

11.2 

12.1 

5 

7.9 

8.9 

10. 0 

10.9 

11.9 

12.9 

l> 

8.4 

9.4 

10.6 

11.6 

12.7 

13.7 


8.8 

9.9 

11.2 

1 12.3 

13.4 

14.5 

S 

9.3 

; 10.5 

11.8 

13.0 

14.1 

15.3 

9 

9.7 

11.0 

12.3 

13.6 

14.9 

16.2 

10 

10.2 

11.5 

12.9 

14.3 

15.6 

17.0 

11 

10.6 

12.0 

13.5 

15.0 

16.4 

17.8 

12 

11.1 

12.5 

14.1 

15.6 

17.1 

18.6 


• Computed from the equation TDN = 0.053 *3 + 

of l>ody weight and the speed was 2.2 miles per hour. 


1200 

1300 

1400 

1500 

1600 

1700 

1800 

9.4 

9.9 

10.5 

11.0 

11.6 

12.1 

12.6 

10.3 

10.9 

11.5 

12.1 

12.8 

13.4 

13.9 

11.2 

11.8 

12.6 

13.2 

14.0 

14.6 

15.3 

12.1 

12.8 

13.6 

14.3 

15.2 

15.9 

16.6 

13.0 

13.8 

14.7 

15.5 

16.4 

17.1 

18.0 

13.8 

14.7 

15.7 

16.6 

17.5 

18.4 

19.3 

14.7 

15.7 

16.7 

17.7 

18.7 

19.7 

20.6 

15.6 

16.6 

17.8 

18.8 

19.9 

20.9 

22.0 

16.5 

17.6 

18.8 

19.9 

21.1 

22.2 

23.3 

17.4 

18.6 

19.9 

21.0 

22.3 

23.5 

24.7 

18.3 

19.6 

20.9 

22.1 

23.6 

24.7 

26.0 

19.2 

20.5 

21.9 

23.3 

24.7 

26.0 

27.4 

20.1 

21.5 

23.0 

24.4 

25.9 

27.3 

28.7 


1.27 (H.P.-hr) assuming that tractive pull of load was 


H P, hrs 


Table 2-1 .3f. Pounds Digestible Nutrients Required by Horses of 
Different Live Weights Doing Different Amount of Work.* 

(Supplement to Fig. 24.19) 


work /day 

1 

600 

700 

800 

0 

5.7 

6.3 

7.0 

1 

6.9 

7.6 

8.2 

2 

8.2 

8.9 

9.5 

3 

9.5 

10.1 

10.8 

4 

10.7 

11.4 

12.0 

5 

12.0 

12.7 

13.3 

6 

13.3 

14.0 

14.6 

PV 

( 


15.2 

15.9 

8 



17.1 

9 




10 




11 


1 


12 


1 


13 




14 




15 




16 



1 

17 





Body Weight 


900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

7.6 

8.2 

8.8 

9.4 

9.9 

10.5 

11.0 

11.6 

12.1 

12.6 

13.1 

13.6 

8.9 

9.5 

10.1 

10.6 

11.2 

11.8 

12.3 

12.8 

13.4 

13.9 

14.4 

14.9 

10. 1 

10.8 

11.3 

11.9 

12.5 

13.0 

13.6 

14.1 

14.6 

15.2 

15.7 

16.2 

11.4 

12.0 

12.6 

13.2 

13.8 

14.3 

14.8 

15.4 

15.0 

16.4 

16.9 

17.4 

12 . 4 

13.3 

13.9 

14.5 

15.0 

15.6 

16.1 

16.6 

17.2 

17.7 

18.2 

18.7 

14.0 

14.6 

15.2 

A - ^ 1 

16.7 

16.3 

16.8 

17.4 

17.9 

18.4 

19.0 

19.5 

20.0 

13.2 

15*8 

16.4 

17.0, 

17.6 

IS.l 

18.6 

19.2 

19.7 

20.2 

20.7 

21.2 

16.5 

17 • 1 

0 ys A 

1 / • / 

18.3 

16.8 

19.4 

19.0 

20.5 

21.0 

21.5 

22.0 

' 22.5 

I 4 .8 

18.4 

19.0 

19.5 

20.1 

20.6 

21.2 

21.7 

22.2 

22.8 

23.3 

23.8 

19.0 

19.6 

20.2 

20.8 

21.4 

21.9 

22.5 

23.0 

23.5 

24.0 

24.6 

25.0 


20.9 

21.5 

22.1 

22.6 

23.2 

23.7 

24.3 

24.8 

25.3 

25.8 

26.3 




23.4 

23.9 

24.5 

25.0 

25.5 

26.1 

26.6 

27.1 

27.6 






25.7 

26.3 

26.8 

27.3 

27.9 

28.4 

28.0 







27.5 

28.1 

28.6 

29.1 

29.6 

30.1 









20.9 

30.4 

30.9 

31.4 










31.7 

32.2 

32.7 











33.4 

33.9 



1 









35.2 


• Computed from the equation TDN = 0.053 M° ‘3 + 1 27 fH P -Hr i in xtfhir.h 'rrwi ^ a a- * i i 
nutrients. M body weight in pounds. H.P.-Hr. is horse-ntw^r-hoursof wnVV*” digestible 


power^hoursof work. 
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Table 24.4. Continued. 


Work rate 
(horse rate) 


0.08 

0.15 

0.23 

0.31 

0.38 

0.46 

0.54 


0.15 

0.29 

0.44 

0.59 

0.73 

0.88 


Tractive draft Or coiisuniption 
i\hc\ (metabolic 

' ^ • rate) Cr) 


Pulse rate) 


Respiration 
rate {%) 


0 

0 

25 

50 

75 

100 

125 

150 

175 


0 

0 

25 

50 

75 

100 

125 

150 


Shetland Pony %2 walking 1.15 miles per hour 


Shetland Pony *2 walking 2.2 miles per hour 


too 

244 

321 

411 

522 

638 

802 

970 


100 

no 

117 

127 

137 

156 

154 

177 


100 

166 

218 

266 

319 

335 

333 

369 


Tidal air 

i7c) 


100 

108 

108 

114 

115 
126 
146 
150 


Ventilation 
rate (%) 


100 

100 

100 

100 

100 

219 

108 

• 146 

103 

151 

273 

115 

163 

109 

178 

340 

115 

193 

110 

212 

385 

122 

229 

107 

246 

438 

127 

246 

114 

279 

532 

142 

277 

127 

349 

630 

149 

263 

133 

349 

654 

150 

303 

135 

410 


100 

182 

238 

308 

360 

428 

491 

500 


Shetland Pony #3 walking 1,15 miles per hour 


0.08 

0.15 

0.23 

0.31 

0.38 

0.46 


50 

75 

100 

125 

150 


100 

182 

246 

299 

342 

416 

471 

583 


100 

101 

lOS 

115 

113 

134 

136 

151 


100 

137 

182 

186 

215 

236 

254 

238 


100 

05 

94 

100 

98 

108 

111 

128 


100 

131 

170 

185 

209 

255 

280 

306 


Shetland Pony *3 walking 2.2 miles per hour 


0.15 

0.29 

0.44 

0.59 


to 

100 


100 

215 

318 

431 

539 

651 


100 

114 

119 

130 

146 

15$ 


100 

193 

246 

284 

314 

331 


100 

97 

100 

107 

114 

121 


100 

188 

246 

307 

380 

493 


Percheron Colt »37 walking 2.2 miles per hour 



100 

211 

266 

306 

350 

404 


100 

107 

110 

117 


100 

178 

206 

231 

242 

239 


100 

104 

107 

109 

111 

115 


100 

185 

219 

251 

268 

275 



Chapter 25 

Summary and Integrating Discussion 


26.1: Summary 

Human beings possess a capacity whicli is entirely peculiar to tlieni— 
the capacity to summarize the experience of the past. Alfred Korzi/hski 

As indicated by the title of this book, our original material is on energy 

and nitrogen metabolism (Chs. 13-15) including .some bioenergetic methods 

(Ch. 12), on energetic efficiency of productive pr()ce.s.ses ((’hs. 3, and 21-24) 

and on variou.s aspects of growth (('h. Hi), aging ((’h. 18) which we consider 

as in.separable from growth, on the interrelation between part and whole 

(Ch. 17) which we consider insepai'able trom the relation of energy metabolism 

to size (Chs. 13 to 15), and on physiological time and equivalence of age 
(Ch. 19), 

Naturally, the factors influencing efficiency were analyzed, such as the 

influence of plane of nutrition (Chs. 4 and 5), metabolic catalysts, including 

enzymes, minerals, and vitamins (Ch. (5), hormones (Ch. 7), .season (C’h. 8), 

time of day (Ch. 9), temperature (Ch. 11), and nutritional balance (Ch. 20)! 

Likewise, the factors influencing profit were discu.ssed with special reference 

to plane of nutrition (Ch. 5), body size (('h. 22), productive plane (“dairy 

meiit in cattle, Ch. 22, muscular work in horses C4i. 24, egg; oroduction 
Ch. 23). 

Many of the problems discu.ssed ha\-e not yet been iin estigated. Such is 
the influence of the immediate efficiency and profit on longe\ ity and fertility 
(long-range efficiency and profit). Is unusually rapid growth as.sociate(i with 
early aging? Is hard muscular woi k a.ssociated with early aging? Is unusu- 
ally high milk or egg production a.ssociated with early mortality or disability? 
These questions are difficult to answer categorically because in most cases 
the exceptionally high producti\-e level under “average” conditions is the 
result of a .sound body which normally faxors longex ity and fertility. If, 
how'ever, the productix e lex el of a gixen animal is acc-eleiated by special 
methods, longevity and fertility may well b(> reduced. 'I'lius accelerating 
xvinter egg production by arfificial illumination increases the mortality rate; 
dairy coxvs may be “burned out” prematurely by forced high milk j)r()(luction ; 
the hard xvorking farm or mine horse does not live as long as the countr.y 
gentleman’s carriage horse. 
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The theoretical feature of this book is the attempt to generalize large bodies 
of cumbersome data by simple rational but broadly inclusive equations. 
Thus the relative-growth equation, Y = aX’’, relating part, Y, to whole X 
(Ch. 17), or of energy and endogenous nitrogen catabolism, Y, to body weight 
.Y (Chs. 13 and 14), or maintenance cost Y to body weight X (Ch. 15), or 
milk or egg production, Y, to body weight Y (Chs. 21-23), are based in one 
case (Ch. 17) on animals ranging from mice to whales, and in another (Ch. 13), 
from mice to elephants, thus giving the results general validity. 

Similarly, the growth and aging equations Y = Ae'‘^, Y = and Y = 

A - relating body size, or population size, or aging, Y, to age or time t 

(Chs. 16-19) are applicable to species ranging from mice to large farm ani- 
mals and to populations from bacteria to humans. Equivalence charts indi- 
cate species similarities and differences (Ch. 19) and point out the significance 
of the concept of physiologic time as contrasted to physical time (Ch. 19). 

The above growth equation for the self-inhibiting phase (Sect. 16.5) also 
repre.sents the principle of diminishing increments (Ch. 5), relating net energy 
produced (milk production, meat production, egg production, muscular work) 
to gross energy (feed) consumed (Figs. 1.1 to 1.3). 

The theoretical analyses brought many bits of agiiculturally useful in- 
formation as, for example, how metabolism and maintenance costs vary 
with age and weight (Chs. 13-15); how pulmonary ventilation and water 
vaporization vary ^^^th weight and age (Ch. 14); how to measure the cardio- 
respiratory reserve for muscular work in animals ranging from mice to ele- 
phants (Ch. 24); how temperature influences productive processes (Ch. 11); 
how to evaluate the partition of feed consumed between maintenance, growth, 
milk production (Ch. 21) and egg production (Ch. 23); how the plane of 
nutrition influences the efficiency and profit on milk production (Chs. 5 and 
22) ; how body size of cattle influences energetic efficiency and profit on milk 
production; the relative energetic efficiency of milk, egg, and meat production 
(Ch. 3). To elaborate on the last point, milk production is the most efficient 
of the three processes, l^p to 50 per cent of the consumed TDN (total 
digestible nutrients) energy may be converted into milk (Chs. 3, 21, 22), 
tmce as high as for the maximum possible efficiency of egg production (Ch. 23) 
and several times as high as for beef production (the efficiency of meat pro- 
duction is high, about 30%, shortlj'' after birth but it declines rapidly there- 
after with increasing age (Ch. 3). These are not arguments in favor of milk 
or against eggs or beef production, because the consumption of egg and beef 
is not on the basis of economy alone. If economic feeding were the only 
considei ation, the method of India and China — feeding on whole cereals and 
vegetables— would be preferred; the second most economic method is that 

piacticed in much of eastern Europe and in parts of Africa where whole cereals 
and milk (and cheese) are the staples. 

Energetic efficiency of conversion is not the only consideration in the choice 
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of animals and animal products, lleef production may be from the technical 
energetic viewpoint wasteful, but practically economical because the beef 
may be produced largely on grazing, utilization of forage which would other- 
wise be wasted. The same is true of many other processes. Thus a horse 
may be less efficient energetically than a Diesel engine but the farmer does 
not have to pay for the horse fuel or for the horse; the forage grows on the 
farm and the horse reproduces and repairs himself. 

The productive level is a very important aspect of the profitableness of an 
enterprise. Uhile the maximum efficiency of milk production is 50 per cent, 
most “good” cows produce milk at an efficiency of only 25 per cent which 
just about paj's for the dairyman’s labor, feed, and other expenses. “Making 
money” in -the dairy business involves greater efficiency of milk production. 
A 33 per cent efficiency indicates a “superior” dairy cow, and a profitable one 
(Ch. 22). But the profit is complicated by body size and related factors. 

The size of the dairy cow is not a factor in the cncrgclic-efficiency complex- 
rats, goats, small and large dairy cows and even women, tend to produce milk 
at the same cmnjetic efficiency; but size (and related considerations) is an 
important factor in the monefanj-profd complex. If the energetic efficiencies 
and other conditions are equal, the larger the animal the greater the milk 
return per unit human labor expended because it does not take much more 
time or labor to milk, feed, clean, rear, and manage a large than a small 
animal. Thus to produce 1000 lb of milk (of 4% fat) at 30 per cent energetic 
efficiency, it requires (Ch. 22) 20 of 1700-lb cows, or 30 of 1400-lb cows, or 
38 of 1000-lb cows, or 42 of 900-lb cows, or 53 of 700-lb cows, or 200 of 100-lb 
goats; and it obviously takes more labor to milk, feed, etc., 200 goats than 53 
cows, 53 cows than 38 cows, 38 than 2G cows, and so on. 

26.2: Integrating discussion. 


If we could first know where wo are and whither we are tending, we could 
better judge what to do and how to do it. Abe Lincoln 
The tower of Babel was a part of a plan to penetrate Heaven . . . magnifi- 
cent . . . but it ended in confusion. Willard H. Dow 


The progress in agricultural production is inseparable from the progress of 
science, and industry; and the 150-fold increa.se of the human population in 
the past 300 years in what we now call U. S. A. is a direct consequence of the 
progre.ss in agricultural production. All our present .social, economic, politi- 
cal, militaiy and related problems are tied up with the growth of our popula- 
tion dependent on the progress of science, agriculture and industry. It may 
be useful to discuss some of these interrelations in summaiy fashion from the 
viewpoints of homeostatis and organismic theory (Ch. 10), growth (Ch. 16), 
and thermodynamics (Ch. 2). 

It was shown in Chaptei- 10 on homeostasis that whih; the animal body is 
made up of a very unstable stuff (protoplasm), and while the sheei' process 
of living produces incessantly .substance.s — such as carbonic acid, sulfuric 
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uoid, pliosphoric acid, and related wastes— highly destructive to protoplasm, 
yet the bodj' maintains a remarkably uniform “internal environment” aiul 
a stable pattern, in the case of man for perhaps a hundred years. The living 
body is evidently equipped with extiemely efficient devices for maintaining 
constant its “phy^siological constants” despite many vicissitudes. 

The concept of physiologic homeostasis in the individual organism was 
extended in Section 10.9 to include social homeostasis. This section is an 
extension of Section 10.9 on social homeostasis to agricultural developments 
and to the past, piesent, and future giowth of the human population in the 

U. S. A. 

1 he giowth cui\e oi the human population in the U. S. A. wa.s discussed in 
detail in Section 16.8, and illustrated graphically in Figs. 16.56A to C. We 
now proceed from where we left off in Sections 10.9 and 16.8. In this connec- 
tion Idg. 18.1a on the time changes in age distribution of the human popula- 
tion is also significant. 

d he human population in what is now called the U. S. A. numbered about 

1 million at the time of Columbus’ arrival (450 years ago) or the Pilgrims’ 

arrival (300 years ago). From the principle of population growth (Sect. 16.5; 

the biotic power ot an animal is limited only by the repre.ssive forces in the 

environment) the population then numbered 1 million only because the 

en\iionment would not pei’mit a larger population. Our pre.sent population 

is about 133 million, and curve 1 in Fig. 16.50b .shows that it will be about 160 

million within 50 years, by the year 2000. Thompson’s recent book,‘^ sub- 
stantiates this prediction. 

^ The ri.se of this population was e\ idently a.ssociated with the coming of 

hairopeans. How did the coming of Fhiropeans expand the population- 
supporting capacity 150-fold? 

First, Europeans introduced new prime movers, the horse and ox. These 
freed man from much hea\-y physical labor, thereby enabling him to cultivate 
more land per man. Second, the Europeans stabilized food production by 
systematic cultivation, introducing improved domesticated plants and ani- 
mals which need le.ss land and tim(> per unit food production than wild animals 

hunted by the liulian. It .saves time to have the animals and plants in one 
place rather than to have to hunt for them. 

Tlic North American Indian had apparently only one domestic animal the dog. 
The iHdian also hunted the ^yil(l turkey, partridge, pigeon, goose, duck, deer, buffalo. 
The North American Indian had wild erabapples, cherries, grapes, strawberries, cran- 
berries, gooseberries, huckleberries, raspberries, blackberries; he had cultivated maize 
(corn), beans, peanuts, potatoes (“Irish” and .sweet), pumpkin, and some varieties of 
cotton. Europeans .i.troduee.l horses, cattle, sheep, goats, domestic fowls; wheat, 

rye, barley, oals, peas, and most of tlie fruits; and iinprov(?d the Indians’ cultivated 
crops.' 


I ot^'cr animals and also plants such as tomatoes and peppers 

rn"No?th Am“ " « ndllion as contrasted to l3ion 
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The stupeiulous inerciuse ii, the Xcrth American population i.s due, liouex er 
not so much to the introduction of l-luropean animals, plants, and kno\vl(>dfre 
as such, as to the Murotiean metliod and tradition of incessant Iv cm, ling new 
knmvlcdgc~\he invention of invention -and immediatelv apjilvinA- it to the 
business ol produciiifr the things which ordinarily limit population growth- 
food, shelter, transportation, and communication, d'he period of rapitl jiopu- 
lation expansion in Xorth America is associated with what is calleil the 
Industrial Revolution (1770-1840) and with the wonderful nineteenth cen- 
tury of ever more rapid growth of machine technologv and factorv 
methods. 


Beginning with the introduction of .Vrkwright and Cartwright’s mechanical spinning 
and weaving methods, which revolutionized tlie textile industrv between 1770 and 1780 
there followed Eli^ Whitney’s cotton gin (17!).3) for separating seed from cotton which’ 
made the United States a great exporting country and revived slavery; Fulton’s steam- 
boat (1807) lead to the development of the canals and the river cities, \ew Orleans, 
St. Louis, Cincinnati, Pittsburg; then the railroad in 18.30 there was built the 11-mile 
Baltimore & Ohio along which chugged trains at a spe-ed of 13 miles per liour The.se 
11 miles of 1830 grew to 30,000 miles by 1860. In the same period, 1830-1860, eann- 
John Deer’s steel plow, McCormick’s reaper and thresher, the grain drill, the grain 
elevator, mowing machine, the sewing machine, 2-horse straddle cultivator, the kero- 
sene lamp (which crowded out the candle-making industry!). 

In the next 30 years, 1870-1900, came the gang plow, silo, cream .se|)arator, combine 

harvester, the Babcock butter-fat tester (1890) which gave a new yardstick for 

evaluating dairy cattle. By 19(M) came the automobile, tractor, airplane, electric 

power and electric communications. The horse is being replaced to a large extent by 

mechanical power at the expense of the “free” energy (Ch. 2) of petroleum stored in 
the past ages. 

The perfection of the combine harvester is eliminating enormous numbers of farm 

hands; the mechanical cotton picker, iiot yet perfected but which undoubtedly soon 

will be, will eliminate hundreds of thousands of field hands, sharecro))pers and small 

land owners; likewise as regards mechanical corn harvesters which pick and shell corn 

in one operation, forage harvesters, including side-delivery rakes and pick-up hay bales, 
and so on. 

Such discoveries as chemical fertilizers, immune sera, antitoxins, insecticides, meth- 
ods of control of infectious diseases, improvements of plants and animals by scientific 
breeding and artificial fertilization also eliminate human labor by increasing i)roduc- 
tion, by making two blades of grass grow where one grew before. Thus hybrid corn 
increases the corn yield 20 per cent. It is said that a new hybrid corn is growing in a 
Mississippi locality at the rate of 130 bushels an acre, whereas, because of unfavorable 
temperature, ordinary corn j)roduccd only 20 busTiels an acre. 

The sum total is that ever more is produced by fewer farmers. In 1830, 50 to 60 
man-hours were reciuircMl to produce 20 bushels wheat from an acre; in 1025, 3 to 4 man- 
hours were reciuired to produce 20 bushels of wheat from an acre. 

Mechanization of urban industries has grown even more rapidly than that of agri- 
cultural production. 


* The steam engine was invented by James Watt (Glasgow) in 1785. The first English 
locomotive was made in 1804 and tiie first English railway was run in 1825. The first 
steamboat was run in England in 1802. The first steamship cros.sed the Atlantic in 1810 


lantic in 1819. 
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These developments indicate the unique power of knowledge, especially 
the European tradition of accumulation of new knowledge and its application, 
and especially what Charles Kettering calls the capacity or experience of 
change-making. Science and technology is a continuously changing process. 
This new knowledge enabled the human population to increase some hundred- 
and-fifty fold above the original Indian population. 

However, the percentage increase in population in the United States has 
been subsiding since 1880 (Fig. 16.56a and c). Thus the population gain 
during 1920-1930 was 17 milhon, whereas the gain between 1930-1940 was 
only 8 million, and it is rapidly approaching a ceiling (Fig. 16.56b). Why 
is the growth rate of our population declining? It is not due to the lack of 
food or other consumers’ goods. Indeed, the apparent market surpluses 
(prior to the present war) are embarrassing in their magnitudes. Nor is it 
due to lack of “living space” because the population density in the U. S. A. 
is only about 40 persons per square mile (as contrasted, for example, to 670 
in England and Wales, 665 in Belgium, 562 in Netherland, 347 in Germany, 
340 in Italy, 320 in Japan, and .so on). 

Life in the U. S. A. is theoretically and could be actually extremely pleasant. 
Medical progre.s.s is freeing us from epidemic diseases, communication progre.ss 
is giving us unlimited opportunity for social contacts, mechanical progress is 
freeing us fronr heavy labor, agricultural and nutritional progre.s.s is freeing 
us from malnutrition. Why, then, is the percentage increase in population 
declining? 


The principle of homeostasis (Ch. 10) appears to substantiate the old sug- 
gestion that perhaps “everything seems pregnant with its contrary.” Thus 
the development of ever better farm machinery, of coui'.se good in itself, 
displaces many farm workers. It is estimated that since 1787 the productivity 
per farmer (or mechanized farms) increased 60-fold (after deducting the time 
required to make the farm machinerj-); during the year 1935, about 345,000 
farm workers were displaced on American farms by farm machinery' and 
perhaps as result a million-odd farm families were receiving (1938) relief 
assistance. The relative decline in rural population, indicated by the follow- 
ing data, may be attributed to agricultural progress, to our ability to produce 
more food with fewer farm producers. 

The decline in the number of agricultural producers is greater than is in- 
dicated b}' the following table. ‘Of this rural population, perhaps only 20 per 
cent (rather than the indicated 43 per cent) is now employed in productive 
agriculture as contrasted to about 95 per cent in 1790. “Fifty per cent of 


all American farms produce only 10 per cent of our commercial farm products. 
More than a million and a half men and boys of working age who lived on 
farms in 1937 registered as partly or wholly unemployed” (H. R. Tolley). 

This movement from the farm to city lead to repression in population growth 
because wife and children were economic assets on the farm but are liabilities 
in the city. When, in addition, living and especially educational standards 
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Relative Growth of Rural Populations* in the U. S. A. 


Year 

Total population 
(millions) 

Rural population 
(millions) 

• « A A • 

Percentage rural popula- 
tion 

1790 

3.9 

3.7 

95 

1800 

1810 

1820 

1830 

5.3 

7.2 

9.6 

12.9 

5.0 

6.7 

8.9 

11.7 

94 

93 

93 

91 

1840 

17.1 

15.2 

89 

1850 

23.2 

19.6 

85 

1860 

31.4 

25.2 

80 

1870 

38,6 

28.7 

74 

1880 

50 

36 

72 

1890 

63 

41 

65 

1900 

76 

46 

60 

1910 

92 

50 

54 

1920 

106 

52 

49 

1930 

123 

54 

44 

1940 

132 

57 

43 


are high, children become serious economic burdens with resultant delay in 
parenthood and therefore in birth-rate (Sect. 16.8). This movement from 
farm to city may, then, be the basic cause of declining birth rate, although 
subsidiary causes, such as changing attitudes to l)irth control may be impor- 
tant contributing factors. 

Urban populations likewise tend to suffer from technological unemploy- 
ment. Thus'* while the electric-lamp production index increased from 100 in 
1920 to 139 in 1930, the hours required to make the lamps decreased from 100 
in 1920 to 32 in 1930. 

War may be the blind social homeostatic mechanism for relie\'ing unemploy- 
ment in a society which cannot invent better methods for maintaining con- 
stant its “internal environment.” The biolog}" of war and the involved com- 
pensating homeostatic mechanisms have been discussed in Section 10.9 where 
it was pointed out that, among other factors, the greatest immediate need is 
development of methods for selecting leaders who will utilize the tools of 
science, which grow ever more powerful, for peaceful construction rather 
than for warlike destruction. This is by no means a new idea.^ 

In closing it may be useful to discuss the significance of the accelerated 

* Department of Commerce, Bureau of the Census, Series P-3, 1941, and other 
publications. 

♦ Baldwin, P. M., “Technological unemployment.” Scientific Monthly, 40, 44 (1935). 

® See Platons Republic. See also, for example, W. C. Mitcliell (Harvard Tercentenary 

Publications, 1937), who advocates social control and invention by a national planning 
board; F. B. Jewett and R. W. King (University of Pennsylvania Press, Bicentennial 
Conference on “Engineering Progress and the Social Order,” 1941), who advocates 
government guided by expert advisory agencies analogous to the research laboratories 
of modern business, and the many “blue prints” by Stuart Chase. See also; Lynd, 
R. S., “Knowledge for what?” Princetown University Press, 1939; Becker, (Jarl* 
“Progress and power,” Stanford University Press, 1936. Stamp, Sir Josiah, “The 
science of social adjustment,” London, 1937. Bernal, J. D., “The social function of 
science,” New York, 1939. 
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agricultural and industrial production in the light of the laws of theimo- 
dynamics (Ch. 2), to \*iew the bioenergetic situation as a whole. 

According to the second law of thermodynamics, our prodigious increase 
in population and mechanization must be paid for b}' increase in free energy 
expenditure. 

Our two energ>' sources are: A) non-renewable, gas, gasoline and other 
petroleum products, and coal;. B) renewable, products of the farm, forest and 
stream, and hydroelectric energy. Let us discuss each briefl 3 ^ 

A. N on-rcnewable energy sources , — With relativeh' few exceptions, our 
machines — ^including our 30 million peace-time automobiles — are powered, 
directl}' or indirectly', by petroleum and coal energy. Such processes as iron 
manufacture and, of course, transpoi’tation, involve the consumption of enor- 
mous amounts of gas, oil, and coal. These energy' forms are \’egetable re- 
mains of the geologic past, fossil fuels not renewable under present conditions. 
While, therefore, the rise in the curve of energv consumption is usually' con- 
sidered as the best index of enrichment it is thermodymamically' the best index 
of free-energy impoverishment. 

At the present rate of consumption, the known liquid fuel reserves are 
estimated to last 20 years. There is also oil remaining to l)e discovered. 
The discoveiy of sufficient liciuid fuel to last another 50 or 100 years or own 
several hundred y^ears does not change the overall picture that we are ap- 
proaching the end of the “free-energy” oil era. We are in a much better 
position with regards to low-grade coal reserves. The following statement 
of our energy resources is given by' the National Resources C’ommittee.® 


Our coal resources have been estimated (1937) at approximately 3000 billion tons, 
of which about half a billion tons is consumed annually'. Our proven oil reserves have 
been estimated at 15 billion barrels of which about IJ billion barrels are consumed per 
year (during 1937). Our natural gas resources have been estimated at 60 to 100 trillion 
cubic feet (energy equivalent of about 17 billion barrels of petroleum), of which 2 
trillion cubic feet are consumed per year (1937). 

It is estimated that energy consumption per capita in the United States is 50 per cent 
higher than in Great Britain, over 200 per cent higher than in Germany, over 1000 per 
cent over that in Japan, and over 1500 per cent over than in China. From 1889 to 1929 
each year’s energy consumption increased 60 per cent above that in the preceding year. 
Of this energy (in 1937), 48 per cent was derived from bituminous coal, 6 per cent anthra- 
cite coal, 32 per cent petroleum, 10 per cent natural gas, less than 4 percent waterpower. 
The United States has produced about 60 per cent of all the petroleum consumed in 
the world, as indicated in the following table. 


fi Energy resources and national policy. National Resources Committee, U. S. 
Government Printing Office, Washington, D. C., 1939. The ordinary peace-time annual 
per capita petroleum consumption is 450 gallon in the United States, 80 gallon in the 
United Kingdom, 50 gallon in the U.S.S.R. The rate of per capita petroleum consump- 
tion in the United States is 30 times that of the rest of the world. The petroleum con- 
sumption in the United States provides the work equivalent to 140 servants per family. 
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Million barrels per 
year 

Pen entune of worhi’s 
proilut t ion 

United States 

Venezuela 

Mexico 

Rest of South America 

Russia 

Iran (Persia) 

Dutch Indies 

Roumania 

Iraq (Syria) 

Canada 

1400 

223 

42 

82 

242 

78 

02 

41 

13 

10 

03 

10 

2 

3.0 

11 

3.5 

3.0 

1.8 

0.0 

0.4 

1 

Total North America 

1457 

05 

Central and South America 

305 

13 

Europe 

296 

13 

Asia 

113 


Oceania 

72 

o 

3 

Total World production 

2251 

100 


Outside of tlic renewable ve^iietation energy, the most important is h>'dro- 
electric energy. The outstanding United States hydroelectric projects are 
the Grand Coulee and Honneville Dams on the C'olumbia River, the Boulder 
Dam in C’olorado, the Norris, Iliawassee, and Hales Bar Dams on the Ten- 
nessee River and its tributaries, the Keokuk Dam across the Mississippi 
River, the Fort Peck Dam on the Missouri River in Montana, the Shasta 
Dam on the Sacramento River in Northern California, and the Niagara-Hud- 
son hydroelectric power plants. 

A hydroelectric project now under consideration is tlic St. Lawrence-XiaKara 
Development, in connection with the Great Lakes-St. Lawrence Seaway project. It is 
proposed to harness the How of the St. Lawrence River at iMassena, New York, and 
Cornwall, Ontario, to yield 2J million liorse power and to improve the existing Niagara 
Falls facilities to yield another J million hoi-se j)ower. This power output is expected 
to give **a new ieas(‘ on life to New ^'ork State industries, a source of cheap electricity 
which should make possibh* the resumption of miinufacturing growth.”* This power 
is said to h(? needed especially by electro-pro<*ess industries, such as manufacture alumi- 
num, ferro-alloys, carbides, dyes and other chemicals. Moreover, J million horse power 
could be carried as far as N(‘W York C'ity. The cost of the proje<rt (IJ billion dollars) 
would quickly pay for itself. 

An attempt was imule to utilize the water power from tides, especially in Maine (the 
Passamaquoddy Project), and one or two tide power plants are said to be in operation 
in Europe. This is a promising future source of nmcwable power. 

Windmills are used, but the energy generat<*d is relatively insignificant. 

It has beeri suggested that temperature dilferences in the oceans, direct solar heat, 
and int(‘ratomic energy may be eventually ulilize<l as sources of power. However, no 


^ EglofT, G., Chem. A* Etuj. Nvavh, 20. 0-19 (1942). 
* St. Lawrence Survey, U. S. Dept, (k)mmerce. 
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substantial progress has thus far been made on these methods, and there are no encour- 
aging signs that such will be made in the near future.® 

B. Renewable energy sources . — It is said that we shall use alcohol and vege- 
table oils after the petroleum energy has been exhausted. This reminds one 
of Marie Antoinette’s advice to the Paris poor to eat cake when they had no 
bread. Alcohol'® and vegetable oils are, of course, more expensive than 
petroleum fuels. Moreover, if all our crops were converted to alcohol and 
oil, they would not supply the present rate of petroleum-energy consumption.'®" 

Furthermore, it appears that in spite of, or rather because of, the accel- 
erated rate of agricultural production per man-hour of work, the agricultural 
productivity per acre is declining. Today, a man operating a tractor drawng 
a battery of plows can plow a hundred times the acreage he could a century 
ago with a walking plow; and there is a corresponding accelerated rate of soil 
erosion and removal of plant nutrients. The natural rate of soil formation 
is not equal to the rapid rate of soil and plant-nutrient removal by these 
mechanized methods. The mechanicallj'-plowed ground loses as much of 
its soil in ten years as pasture in a 100 years. 

There is, of course, disagreement among specialists concerning the cause 
and fate of declining soil fertility. To Whitnej'," “the future seems most 
hopeful, the soil seems to be awaiting our pleasure.” “The Chinese raise 
more per acre than is raised in the United States.” One might cite other 
lands wth a permanently high fertility. The conditions in the other coun- 
tries are, however, different. The American farm crops are shipped to the 
cities, whence they find their way into the sewers, rivers, oceans and incinera- 
tors; the Chinese saves every bit of organic matter, and carries the “night soil” 
from the city to the farm. Furthermore, much of the pennanency of fertility 
of certain regions of China is due to the recurrent fertility additions by 
fertile river mud. Similarly, the permanent fertility of the Nile Valley is 
due to the annual fertilization of the land bj’’ the Nile River. 

Unlike Whitney, Bennet'^ is very pessimistic about American soil fertility, 
as indicated by the following quotation. 

® Hottel, H. C., Sigma Xi Quarterly, 29, 49 (1941). “The solar power is not there 
for the taking! With respect to the future of solar energy utilization, your guess is as 
good as mine.” 

cf Shepherd, G., “Power alcohol from farm products.” Conlrib. Iowa Corn Res. 
Inst., 1, 283 (1940) : with corn at 50 cents per bushel, alcohol may be made for fuel blend- 
ing purposes at 25 cents per gallon. If, however, we were to rely on alcohol as exclusive 
source of power for automobiles, the price of corn and alcohol would become very high 
indeed. 

For a more optiniistic view, see Berl, E., “Production of oil from plant material,” 
Science, 99, 309 (1944). 

»» Whitney, Milton, “Soil and civilization,” New York, pp. 270, 272, 1925. 

. ” Bennet, H. H., “Soil erosion and its prevention.” Parkins, A. C. and Whitaker, 
J. R., Ed., “Our national resources and their conservation.” New York, 1926. See 
also Bennet, U. S. Yearbook of Agriculture, p. 429, 1940, and U. S. Yearbook of Agri- 
culture, 1938. See also, Duley, F. L., and Miller, M. F., “Erosion and surface run off 
under different conditions.” Univ. Mo. .\gr. Exp. Sta. Res. Bull., 63, 1923. 
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Actual soil losses, as determined by exact measurements, are staggering. Approxi- 
mately 50 million acres of once productive land has been ruined for crop use, and another 
50 million acres is in almost as bad condition. Had it been protected, this aggregate 
100 million acres divided into 80 acre farms would support 1,250,000 rural families. 

Something over 100 million additional acres, largely still in cultivation, has lost all 
or the greater part of its productive topsoil; on yet other millions of acres erosion is 
getting actively under way. About 470 million acres lost from i to J of the top soil. 

In addition to erosion losses, there are serious losses by cropping, grazing, and leach- 
ing. The latest estimates indicate the annual losses from these causes at approximately 

IJ nullion tons of phosphorous, 13 million tons nitrogen, 18 million tons potassium, 253 
million tons organic matter. 

The situation is even more discouraging to Stuart Chase, not a soil spe- 
cialist but a very penetrating lay observer 

Before the coming of the machine, farm wastes and manures returned minerals to 
the soil at about the same rate as they were taken out. But under the deep, one-crop, 

commercial farming conditions, minerals go out of the soil to the cities and they never 
come back. 

A dust desert is forming east of the Rockies where firm grass once stood. The natural 
grass cover has been torn to ribbons by steel plows and cattle and sheep hoofs. Thou- 
sands of years of soil accumulation is lost in a century. Spindling woodlands cover only 
half the area the primeval forest once covered. Corn yields in sections of Iowa dropped 
from 50 to 25 bushels per acre. Half of the original fertility of the continent has been 
dissipated. American has achieved its high standards by living on its reserve capital, 
by taking more out of the continent than was put back. 

There are historical parallels to our dust-bowl, dust-storm, migratory- 
worker problem in parts of Texas, W^^oming, eastern Colorado, western Kan- 
sas, and western Oklahoma. Thus, again from Chase: 

There were 400,000 people in the city of Antioch; the pleasure gardens of Daphne 
were famous throughout the Mediterranean world. Today it is a miserable dusty 
town of 30,000. Antioch perished not from its sins but from erosion on the Taurus and 
Lebanon rivers. 

One might cite other thoughtful observers, especially on historical parallels 
to our situation. Thus from Sears 

The course of farm life and farm management in Rome ran from yeomanry 
to tenantry, and finally to holdings of absentee landlords. In spite of the exceedingly 
fertile lands of northern Italy, watered and nourished from the Alps, Rome entered 
upon a period of agricultural decline and could not feed her own people. 

The following is from our former Secretary of Agriculture, H. A. Wallace; 

We overplow the cropland, overgraze the pasture land, overcut the timberland, plow 
fertility into cities, which in time pours down the sewers into the river and tlic ocean. 

“ Chase, S., “Rich land poor land.’* Metiraw Hill Book Co., pp. 20, 21, 36, 37, 

342. 

Sears, P. B., "Deserts on the march.” University of Oklahoma Press, 1935. 
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It is tnie that: there is at present an apparent abundance of food; we can 
manufacture nitrogen fertilizers from the air; we can enrich soil \vith organic 
matter from nitrogen-rich legumes. Nevertheless, our machine-methods of 
cultivation will >ield ever smaller crops in some regions, and in a few years, 
with the increased population living at a high standard, w'e shall need our 
land for food production, and it will not be possible to spare it for producing 
fuels as substitute for petroleum products and coal. We shall do w'ell enough 
if we can supply food at a high standard to a population almost 200-fold that 
supported under the conditions of the American Indian 300 years ago. The 
decline in soil fertility, moreover, tends to reduce, or unbalance, the nutritive 
value of the crops that can be produced (see Sect. 20.8). 

In brief, the phenomenal industrialization in the past century is based in 
part on borrowed capital and, one might sa,y, borrow'ed time; capital and time 
accumulated in the past geologic ages. This capital is of two kinds: 1) petro- 
leum fuel which is being rapidly exhausted, will perhaps be unavailable for 
ordinary use of private automobiles and tractors within a relatively short 
interval and coal which will last for a considerable period 2) soil which has 
also been severely exploited; but much of which, with proper care, will yield 
renewable vegetation energy perhaps indefinitely. A new' source of perma- 
nent power is being harnessed productively, namely that of running water 
for generation of electricity. The other suggested power sources, such as 
conversion of solar energy to utilizable heat or electricity, or interatomic 
energ}', are not promising. 

This energetic view point may be too pessimistic. We may find new energy 
sources. We may rebuild our soil losses and maintain our soil resources by 
turning our attention and imagination to the building up of the countryside 
instead of the cities.'® Such a new optimistic development is exemplified by 
the TVA (Tennessee Valley Authority), indicated by the following quotations 
from former U. S. Senator George W. Norris.*® 

Before the TVA, our fertile valleys were being depleted of their soil. . . . Annual 
floods swept through them at terrible cost. . . . Erosion was unchecked and the 
swollen rivers carried . . . top soil down to the sea. The dams built by the TVA pre- 
vented flood damage, and also kept open navigable channels. A comparatively small 
additional sum enabled the .\uthority to utilize the waters impounded behind the 
great dams for the generation of huge amounts of electric power. This power has been 
carried into the homes of farmers and provided amenities they never knew before - it 
furnished cheap electricity to city dwellers; and in factories and industrial plants' in 
the South it is contributing mightily to the war effort and bringing prosperity to the 
people. 

“ Hammar, C'. II., “Society and conservation,” ./. Farm Economics 24, 109 ri942) 
Norris, George VV., The Nation, May 20, p. 589, 1944, who also reviews VV (’ Lowder- 
milk’s recent book “Palestine, land of promise.” Harpers, 1944. 'fhe author is 
Assistant Chief of the U. S. Soil Conservation Service, sent by the U. S Department 
of Agriculture to study denudation and conservation of soil, especially in the Near East. 
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Then Norris quotes the suggestion for adoptation of the T\A plan for the 

establishment ot a J\ A (Jordan \ alley Authority) for reclamation inn poses 
as follows : 


Centuries ago Palestine was a prosperous country, covered with fertile fields of 
forests. Its fertility was destroyed by inaiPs failure to conserve its natural resources. 
After Palestine was set aside as a Jewish homeland, it became a great experiment in 
reclamation. The Jews built cities and formed agricultural colonies and brought the 
soil back to abundant production. “It is practically imjjossible,** says Dr. Lowder- 
niilk,^® “to estimate what the final absorption capacity of Greater Palestine could be 
if all its unoccupied and underpopulated areas were rejuvenated by the same vigor and 
understanding. ...” Once the undeveloped resources (hydroelectric power developed 
from the rushing river down the Dead Sea, reforestation, mineral extraction) of the 
countries are properly e.xploited, twenty to thirty million people may live decent lives 
where a few million now struggle for a bare existence. The principle of the greatest 
good for the greatest number and the principle of preserving the natural resources of 
the country should lead to ever wider adoptation of the TVA principle, yes, even to 


developing a “TVA of the Danube,” without regard to national boundaries, which 
would transform the economically backward Danube basin (Poland, Czechoslovakia, 
Austria, Hungary, Rumania, Yugoslavia, Bulgaria and Greece) into a prosperous one. 


Senator Norris, however, presented only one aspect of the picture of the beneficent 
changes developed by modern science and technology. There is another aspect. Ac- 
cording to the principle of population growth (Sect. 16.5), doubling the food supply 
merely doubles the population density without necessarily increasing its welfare. It 
has been predicted*^ that (because of developing science and technolog}' and perhaps 
for military reasons) the U.S.S.R. will grow from the present 174 million to 251 million 
by 1975; India may grow from the present 389 million to 500; China from the present 
400 million to 600 million, . . . “The fulfillment of the most sanguine hopes of science 
and industry for increasing the means of living will be inadequate if birth control does 
not become the rule in all the world.”*" Wars, however, “shake the biologic founda* 
tions of human life” and upset all predictions.*® 


26.3: Stmimary of stimmary. 


The analysis of the whole, as a whole, is as necessary as the analysis of 
parts. R. S. Lynd 

We suffer less from a want of science and technology than from lack of 
understanding of the aims of life and of society. R. W. Hutchins 
We arc on the threshold of a new era. But what sort of an era? Quo 
Tat Chi 


This book has been preoccupied with the quantitative aspects of energ}'' 
and nitrogen metabolism, with nutrition, with various phases of grow'th, 
development and aging, with the catal3'sis of these processes, with the ener- 
getic efficiencies and profits on milk, meat, eggs, and muscular-w'ork produc- 
tion, with generalizing equations — so-called laws — for integrating unwieldy 
bodies o£ data. 

During this writing a need w'as felt for a generalizing or unifying principle, 

*^ Thompson, W. C., “Plenty of people,” Jacques Cattell Press, 1944. 

*« Birth rates in warring countries,” Editorial, Jour. Am. Med. Assn., 126, 278 (1944). 
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perhaps comparable to the principle of evolution, perhaps some broadly 
organismic theory or conceptual scheme which would show by a word or 

phrase the interrelatedness of all the components of the field that we have 
been considering. 

The ancient,^® perhaps vaguely felt, concept of physiological regulation 
('The organism acts as though it desired to maintain itself^^ C. Sherrington) 
scientifically investigated since about 1860 (Claude Bernard), and recently 
designated homeostasis by Cannon (Sect. 10.11), comes nearest to meeting 
the need of a broadly unifying principle if its meaning is extended to include 
social self -regulation, including that of human society (Sect. 10.9). Senes- 
cence, disease, individual and social catastrophe, are due to or characterized 
by failure of homeostasis. Under condition of failing social homeostasis, 
subhuman annuals are doomed. The sabretoothed tiger had to disappear 
because it developed his magnificent sabre-teeth weapons which tempted 
him to war-hke action. On a human level, however, we may, perhaps, dis- 
cover methods for preventing catastrophe in the face of our splendid weapons 
which tempt us to destructive wars, and our wonderful machines which 

consume our stockpile of “free energy” and our soil resources at ever greater 
rates. 

The current confusions and maladjustments may be transitory, temporary 
disharmonies associated with rapid gi'owt-h, in the nature of “growing pains,” 
which may be resolved into a harmonious unity. But this is not certain. 
Phe future trends of human behavior are not predictable^ because human 
behavior is modifiable by intelligence, by education, by laws of human making 
in contrast to the uumutable natural laws which govern the social trends of 
subhuman populations. This relative indeterminacy of human behavior and 
social phenomena is the despair of the social scientist and perhaps the hope 
of humanity; for this gives man an opportunity to mold his destiny that is not 
given to other species that are subject to more determinate, orderly, laws. 
There is more than poetic significance to the biblical assertion that “The 
Kingdom of Heaven is within you.” The major contemporary problem is 
how to employ science for guiding individual and social development so as 
to realize this ffingdom of Heaven on earth^^ 


depends on a proper balance of forces.” — Alcmaeon, 
460 B C. (Quoted from Adolph, E. F., “Physiological regulations,” Cattell Press, 1942.) 
For Bernards classic exposition, see Bernard, C., Lemons sur les propri^t^s physio- 

1 P 5 ;*^^^ 9 g*Ques des liquides de Porganisme. Paris, Bailliere. 

^ 7 ^^ '' isdom of the body, New York, Norton, 1932. 

Frank, L. K., “The principle of disorder and incongruity in economic affairs,” 
Political Sc. Quarterly, Dec. 1932, and Set. Monthly, 60 , 49 (1940). 

21 Brody, S., “Science and social wisdom,” Sci. Monthly, 69 , 209 (1944). 



CONVERSION FACTORS^ 


Acre = 0.4047 hectare 
== 43,560 sq. ft. 

= 4046.9 sq. meter 

Angstrom — A 

= 0.001 micron 
(mu or n) 

Atmosphere pressure 
= 760 mm. Hg 
= 29.92 in. Hg 
= 10.33 meters water 
= 33.9 ft. water 
— 1033.3 gm./sq. cm. 

= 14.7 Ib./sq. in. 

= 2116.3 Ib./sq. ft. 

Barrel = 31 .5 gal. 

= 126 qt. 

= 119 liter 

Bushel = 32 qt. 

= 77.7 lb. water 
= 35.2 kg. water 

Can: 1 tall = 1 lb. 
^2=1 lb. 4 oz. 

)Sf2i = 1 lb. 12 oz. 

?(?3 = 2 lb. 2 oz. 

10 = 6 lb. 10 oz. 

Centimeter = 0.01 meter 

= 0.3937 in. 

Cm’ = 0.155 sq. in. 

Cm’ = cc. = ml. 

= 0.061 cu. in. 

= 1 gm. water 
= 0.0353 oz. water 
= 15.432 grains water 
= 12 drops 

Cup = 0.5 pint 

= 16 tablespoons 
= 24 dessert spoons 
= 48 teaspoons 

Dessert spoon 

= I tablespoon 
= 2 teaspoons 
= 120 drops 

Foot = 30.48 cm. 

= 0.3048 meter 

Ft’ = 144 s(i. in. 

= 929.0 8 ( 1 . cm. 


Ft’ = 7.4805 gal. 

= 29.922 qt. 

= 28.32 kg. water 
= 28.32 liter water 
= 62.43 lb. water 
= 990 oz. water 

Gallon = 4 iiuarts 

= 3.785 liters 
= 8.345 lb. water 
= 3.785 kg. water 

Gram = 0.035274 oz. 

= 0.002205 lb. 

= 15.432 grains 

Hectare 

= 2.471 acres 
= 10,(X)0 sq. meters 
= 107,638.7 s(i. ft. 

Inch = 2.54 cm. 

yV in. = 2.54 mm. 

In’ = 6.4516 cm.’ 

In’ = 16.387 cm.’ 

= 0.0346 pt. 

= 0.0164 liters 
= 16.39 gm. water 
= 0.578 oz. water 
= 0.0361 lb. water 
= 252.89 grain water 

Kilogram = 2.205 lb. 

= 35.274 oz. 

Liter = 0.26418 gal. 

= I .0567 qi. 

= 35.275 oz. water 
= 2.205 lb. water 
= 1 kg. water 

Meter = 3.2808 ft. 

= 39.37 in. 

= 1.0936 yd. 

M’ = 1 .2 sq. yd. 

= 10.764 s(|. ft . 

= 1550 scj. in. 

= 10,000 SC], cm. 

M’ = 1000 liters 
= 1056.7 (p . 

= 35.31 cu. ft. 

= metric ton water 
= 2204.6 lb. water 

Microgram = meg. = ^ig 

— y = gamma 
= 0.001 mg. 


Mile = 5,280 ft. 

= 1609.4 meters 
= 1.6094 km. 

Mile’ = 640 acres 

= 2.59 sq. km. 

Milligram = IIKM) meg. 

Millimeter = 10 (X)m (or mu) 

= 10, 000, (KM) A 

Ounce = 28.3405 jjiii. 

= 0.0025 II). 

= 437.5 grains 

Pint = 0.5 <it. 

= 473.18 cc. 

= 16.69 oz. water 
= 1.043 lb. water 
= 0.47318 kg. water 
= 2 cups 
= 32 tablespoons 
= 96 teaspoons 

Pound = 16 oz. 

= 453.6 gm. 

= 0.4536 kg. 

(Juart = 2 pt. 

= 4 cups 
= 946.4 cc. 

= 64 tablespoons 
= 192 teaspoons 
= 33.38 oz. water 
= 2.086 Ib. water 
= 0.946 kg. water 

Tablespoon 

= 0.0()25 cup 
= 15 cc. 

= 1.5 dessert sj)ooi) 

= 3 teaspoons 
= 180 drops 

Teaspoon = 5 cc. 

= 0.02 cups 
= 60 drops 

Temperat urc conversion ; 


°F. = (°C. X 1.8) + 32 

Ton: short ton = 2000 lb. 
long ton — 2240 Ib. 
metric ton = 1000 kg. 
= 2204.6 Ib. 


’ See pages 35 to 36 for energy, work and dietary units, and page 766 for vitamin 
units. 
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and productive level, 3, 887-89, 896 
and profit, 890 

and body weight, 884-87, 892-93 
monetarj' value of, 875 
seasonal rhythms of, 215-16, 219-20, 895 
social economic value of, $78 
time element in, 877-79 
as infiuenced by thyroid meclication, 175 
unit of, 892 
egoistic drives, 257 
electromotive series, IOC 
embiyo 

development, 487-88 
metabolism, 430 
embryogencsis 

as infiuenced by endocrines, 202-4 
‘‘emergency theory" of Cannon, 180-81 
emmissivity of heat, 275 
emotions, “structured" or conditioned, 253 
endocrines, 140-41 
and aging, 685-89 
and ascorbic acid, 178 
and embryogenesis, 202-4 
and homeostasis, 252-54 
ami lactation, 157-61, 16S-69, 175 76 
and metabolic rate. 359-60, 387 
and vitamicLs, 709-74 
endogenous nitrogen, 59-67 
definition of, 59 
as reference base for SDA , 60, 68 
energy 
bound, 14 

changes in free-energy, 16-23 
law of conservation of, 12 
cost 

of morphogenetic work, 2-3 
of standing, 910 
of walking, 910-12 
dietary categories of, 24-34 
digestible, 6, 24, 26, 34 
and net energy, 85 

expense of work done, 38, 909, 920-21 , 923 
fecal, 82-83 
fermentation, 26 
gross, 6, 24, 26, 34, 54 
in relation to net cnergj’, 81-85 
•matter, 12, 

metabolizable, 24-25, 27. 32, 34. 54-55, 69, 82-89 
net, 6 , 24 , 29 , 32 , 34 , 64-57 
and the law of diminisliing increments, 76-99 
and food intake, 70-85 
relations in nutrition, 784 
organizational, 2-4 
potential or structured, 3, 4 
in relation to SDA, 61 
sources, 966-72 
units and equivalents, 35-30 
entropy, 14, 21, 22 
enzymes, 100-139 
in relation to carcinogetM, 114-45 
08 catalyeta, 108-10 
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enzymes, and coenzymes, 110-U 
digestion, 666 
flavoprotein, 124 
in oxido-reduction, 110 
and proenzymes, 110, 138 
systems, 10$ 

effect of temperature on, 269 
in relation to vitamins, 100 
yellow, 125 
epiorganism, 496 
equations 

for age equivalence, 722-38 
bidimensional, 366 
Carnot’s, 14-15 

for diminishing increments, 77-79, 85 
efficiency, 10, 15, 38, 43^4, 628-29, 832-35, 83M1, 
880-81, 902-3 

of egg production with aging, 701, 710-11 
empirical and rational, 261-62 

fitting of, 398-401, 508, 512-14, 531-33, 839-41, 843-45, 
940-51 

growth, 502-18, 524-44, 554-62 
Helmholtz, 15 

logarithmetic and linear, 364-65, 373-70 
Gibbs, 15 

of milk-energy production, 78 
of milk production with aging, 704 , 711 
of mortality or vitality with age, 676-77, 684-85, 
698, 701 

of nutritive value of protein, 754 
relating part to whole, 599-610 
properties of, 365-68 

for surface area in relation to weight and height, 
366-68 

thermodynamics, 13-17 
van’t Hoff-Arrhenius, 267-71, 718 
equilin, 159 

equivalence charts, 714-40 
estrogens 

administration of, 163, 167 
and cancer, 144 
excretion of, 149-50 
function of, 156-57 
homeostatic regulation of, 252 
and mammary growth, 157-58, 161 
production of, 159 
estrone, 143, 159 
estrus (heat), 156-57 
cycle, 207 
evocators, 202-3 

evolution and social homec^tasis, 255 
exercise 

and aging, 682-84 
and maintenance cost, 470 
and temperature, 304, 924 
exponent in the equation Y = aX^ 
biologic significance in relating part to part and 
part to whole, 365-66 
method for computing, 365, 398-401 
eye 

accommodation and aging, 668 
in photoperiodism, 210 


F 

fat 

-level regulation, 260 
oxidation of, 309-10 
vitamins in, 122 
R.Q. of, 309 
8DA of, 61-63, 66 

synthesis in mammary gland, 811, 816-17 
fatigue, 899-916 
fatty acids, 136 

in butterfat, vegetable fate, and blood, 800-1, 811, 
846 

and pyridoxine, 121, 124 
feathers and body weight, 619-21, 639-40 
feeding methods, 753-58 
female sex hormones, 155 
fermentation 
energy, 26 
fatty acids, 26-27 
gases, 26-27 
loeses, 26-27 
oxidation, 103 
fetal weight, 428, 431 
fever, 299-301 
field theory, 258, 262 
filtrate factor, 134 
fiavoprotein enzymes, 124 
in oxidation, 101, 107 
“flow of time”, experiments on, 723, 739 
146, 159 

food, (and “feed”) 
blood regenerating values of, 782 
calorigenic effects of (see SDA) 
calorimetry of, 344-45 
composition, 36, 768, 776, 779, 787-91 
consumption 
in U.S. army, 787 
per capita in U.S., 791 
diurnal rhythms in, 235 
and food utilization, 246 
and growth rate, 86-91 
effect of insulin on, 247 
and productivity, 8 
standards of, 475, 478-81, 899-91, 896-97 
and temperature, 296 
and body weight, 246-47 
efficiency of production of, 796-91 
energy values of, 24-34, 36, 79-82 
protein value of, 779 
supply, seasonal rhythms of, 211, 213 
transformations, 5-6 
utilization in vitamin deficiency, 101 
form, function, and growth, 2, 575-663 
FrtJhlich syndrome, 148 

G 

gas analysis, 335-^ 

gas formation in rumen, 24, 27, 28, 29, 30-31 
geometric and physiologic similarity, 580, 586, 590 
gestation 

and birth weight, 427-42, 460 
and endocrines, 429, 433, 435, 437 



Subject Index 


1013 


gestation, and food consumption, 433-37 
and growth, 434, 437 
heat increment of, 427-42, 460 
and muscular activity, 433, 436 
period and season of breeding, 206-7 
weight increments in, 431-32, 438-39 
giants, 106 
glycogen 

biologic oxidation of, 104, 107 
and glucose conversion, 249 
reactions of, 19 
glucose 

biologic synthesis of, 120-31 
and glycogen conversion, 249 
glutathione 
and adrenal cortex, 187 
relation to ascorbic acid, 120, 137 
glycogenolysis, glycolysis, and gluconeogeneeis. 

131.138 
glycosuria, 263 
goiter, 183, 263 

gonadeotomy, 151, 164, 186-87 
gonadotropins 
excretion of, 150 
functions of, 141, 156 
production of, 141, 169-60, 167-68 
gonads, 182, 188 
grass 

composition of, 789 
•juice factor, 134 
growth 

age curves of linear, 521-22, 554-63, 677-80, 598-617, 
629-39, 650-63, 732-33, 737-38 
effect of aging on, 664, 711 
average, 494, 490, 503-6, 548 
“breaks’* in curves of, 602-6, 518-22 
influence of castration on, 166 
of cattle. 492, 513-18 , 522-26, 551-56, 560-03 , 565-67, 
571-74 

of chick and fowl, 487-88, 492, 503 , 505-7, 536 

definitions, 37, 484-89, 502, 508 

and development, 486 

and differentiation, 489-91 

efficiency 

and age, 45, 47-54, 404 
of bacteria, yeast, molds, 40-43 
and body size, 2, 41, 49 
of cattle, 51-62, 56 
of chick embryo, 43-44 
of chickens, 53 

equations and definitions, 2, 10, 40-48, 76-81 
of frog embryo, 44 

of homeotherms and poikilotherms, 266 

and Utter size, 50 

of molds, 42-43 

and maintenance, 4-6, 40 

and organizational energy, 2-4, 40, 45-47 

and physiologic time, 500 

of pigs, 56 

estimates of post-natal, 47-49, 53 
estimates of pre-natal, 43-47 
and profit, 1-2 
of rats, 50-51 


growth, efficiency, ofsea urchin, 44 
of silk-worm embryo, 43 
of yeasts, 41-42 

.equations, 502-18, 624-44, 554-62 
form, 2, 675-663 
effect of gestation on, 164 
gradients, 493 
ground plan of. 493 
of guinea pig, 531 
hormones, 198-99 
of horses, 627 

inflection in curve of, 489-63, 498-502 
limiting factors in, 526 
maintenance during, 40 

of man, 492-6, 501, 610-11, 616, 520-21. 637-46 
557-69, 566, 670 
and mature weight, 516 
metabolism during, 404-69, 585-89 
methods representing, 489 
and morphogenesis, 489 
of mouse, 534 

percentage decline of, 529-30 
percentage rate of, 489, 497, 500-2, 508 
and physiologic time, 506 
of pigeon, 635 
of pig, 529 

as influenced by anterior pituitary, 194-201 
of populations and individuals, 490-91, 496, 544-46 
550-54 

prenatal, 428, 441 

and principle of mass action, 526 

of rabbit, 530 

of rat, 489-98. 502, 517-19, 532, 535, 550, 568-69 

relative, 502, 508 

rate 

and food consumption, 86-91 
of homeotherms and poikilotherms, 266 
and metabolism, 50 
influenced by temperature, 272-73 , 297 
Rubner’s law of, 47 
seasonal rhythms of, 225 
self-accelerating phase of, 495-524 
self-inhibiting phase of, 497-98, 512 , 543 
of sheep, 528 
of silk worm, 504 
and storage, 40 

temperature coefficients of, 267-71 
and thyroid, 168-78 
time relations of, 484-574 
"true” and finite rate, 494, 503-6 
and vitamin needs. 764-65 
"work** of, 40, 404 

H 

heart 

capacity of, 920, 922 

energy expended by, 920-21, 923 

output of, 921 

and body weight, 596-97, 628-30 
work of, 920-21, 923 
heat 

conductance in body, 293 
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beat, cramp, 302 
exhaustion, 299, 301 
formation and combustion, 20, 35-36 
increment of feeding (see SDA) 
heat loss (thermolysis), 293 
by convection, 277 
and heat production, 275 
by radiation, 275, 277 
and the surface law, 354-55 
influence of temperature on, 277-80, 291 
by vaporization, 277-81, 291-92 
heat production (thermogenesis) 
effect of acclimatization on, 285 
evaluation of, 293 
and heat loss, 275, 277-80 
of homeotherms and poikilotherms, 266 
methods of meiisuring (see biocalorimetry) 
and temperature, 283, 287-88, 290, 294-96 
and thyroid activity , 289 
and surface law, 354-56 
heat regulation (see homeothermy) 
heat stroke, 301 
heat of vaporization, 307 

height-weight relationship, 577, 579-80, 598-606, 
612-13 , 617 , 629 , 630-31, 636-39, 650-52 , 658-63 
Heisenberg principle, 259 
hemocyanin, 113 
hemoglobin 

in biologic oxidation, 113 

in blood, 922 

and cytochrome, 115 

and iron, 113 

in O 2 homeostasis, 251 

structure of, 113 

hesperidin (see cilrin or vitamin P) 
heterotrophs, carboxylation in, 129-30 
van't Hoff-Arrhenius equation, 267-71, 281-82 
homeostasis, 243-63 
and aging, 254, 699-700 
of calcium level, 249-50 
of carbohydrate-level, 248-49 
definition of, 244, 258, 262 
examples illustrating, 245 
of fat-level, 250 

individual and social, 961-65, 972 
neuroendocrine, 252-54 
of oxygen and acid level, 250-52 
social, 254, 257, 961-65, 972 
of body-water, 248 
of body-weight, 246 
homeotherms, 264-66, 286, 305 
homeothermy, 264 , 306 
age changes in, 271-74, 276 
agricultural aspects of, 265 
and blood volume, 289 
chemical methods of, 264, 282-84 
definition of, 269 
development of, 276 

and fur, feathers, and subcutaneous fat, 264, 289, 
303,305 

mechanisms of, 274-89, 305 
in prenatal life, 264 
and season of birth, 271 

and thyrotropic and adrenotropic hormones, 289 


homeothermy, theoretical and practical aspecta 
of, 265 

hormones, 140-205 
of adrenal cortex, 150, 184-85 
of adrenal medulla, 180-81 
biologic effectiveness of, 142 
calorigenic effect of, 60-61 
of carbohydrate metabolism, 192-94 
and carcinogens, 144-45 
as catalysts, 109-10, 140-205 
cholesterol derivatives of, 143 
and diet, 152-53 
and the efficiency complex, 153 
in embryogenesis, 202-4 
in evolution, 202 
formulas of, 143 
F.S., 146, 159 
and growth, 198, 201 

interrelated with vitamins and enzymes, 140-43 

lactation, 152, 160 

L.orl.C.S., 146, 159 

mammogcnic, 161 

and metabolism, 145, 168 

of parathyroids, 189 

of pituitary, 141, 146, 148-49, 152, 181 

in plants, 204-5 

production of, 141 

in reproduction and lactation, 154-68 
sex 

administration, 163 
relation to u<lrenal cortex, 186 
antagonisms, 102 
assays of, 159 
functions of, 156 

os influenced by pituitary, 140, 148 

4 

and reproductive efficiency, 165-66 
similarities and differences between, 143, 150, 155 
similarities between vitamins and, 142-43 
somatotropic and chondrotropic, 19$, 201 
trophic, 146 

work capacity effected by, 926 
horses (and mules) 

relative economy of tractors and, 899, 937-39 
population decline in, 898 
metabolism of (see metabolism) 
humidity discomfort, 302-3 
17- and 21 -hydroxy progesterone, 150, 185 
hypercalcemia, 190-91 
hyperinsulinism, 252 
hyperlipemia, 193 

hyperthyroidism, 122, 172, 174, 177-78 
hypocalcemia, 249 
hypoglycemia, 249 
hypophysectomy, 158, 192 
hypopituitarism, 196 
hypothalamus and homeothermy, 288-89 
hypothyroidism, 172 

I 

illness and age, 696-97 
I.C.S. or L. hormone, 146, 159 
immortality, potential, 669-71 
incubation temperature, 271-74 
indeterminancy principle, 259 
indicator of O.R. potentiab, 107 



1015 


Subject Index 


tndusiritil progroKS nn<l frco-oncrijy otiipovcristimcut 
966 

inflections in Rrowth curves, 489-93, 498, 5(»2 
inositol, 117, 126-27, 133 
insonsible-perspirution, 290-92 
insulin, 192-94 

an<l cnrbohydn\to metabolism, 192 
in glycoRcn-Rlucase equilibrium, 249 
homeosbilic regulation of, 252 
and the islets of Lnngerhans, 192 
and pituitary ami adrenal hormones, 192 
and body-weight regulation, 247 
interrelations, structural or functional, between, 
adrenal cortex, adrenal me<lulla, ami the nervous 
system, 184 

adrenal cortex and pituitary, 187 
adrenal medulla an<l the s>'mpathctic nervous 
system, 180 
antidhyroid drugs, 144 
biotin and pimelic acid, 120 

cholesterol derivatives of hormones and vitamins, 
142-43 

choline, acetylcholine, lecithin, methionine, be- 
taine, and casein, 128 
choline and methionine, 122 

enzymes, vitamins, minerals, and hormones, 100, 
109 

food supply, cndocrines, hormones, and appetite, 
152, 153 

hormones ami anti-hormones, 142-14 
hormones and vitamins, 140 
inositol deficioncy and fatty liver, 127 
inositol, PAD, and fur graying, 122, 127 
inositol and pantothenic acid, 127 
insulin, pancreas, pituitary liormoncs, and adre- 
nals, 192 

pantothenic acid, PAB, and fur graying, 127 
parathyroids, thyroids, gonads and calcium me- 
tabolism, 16$ 

pituitary and ovary, 158-59 
pituitary and vitamin E, 178 
pyridine structures of niacin ami pyridoxinc, 123- 
24 

pyridoxinc and certain fatty acids, 122 
pyrimidine structures of thiamine and riboflavin, 
122-23 

sex hormones, 143, 150, 155 

thiamine and riboflavin, 121 

thyroid and adrenal medulla, 179 81 

thyroid and anterior pituitary, 181 

thyroid and gonads, 182 

thyroid and nervous system, 182 83 

thyroid and pasterior pituitary, 181-82 

thyroids, vitamins, adrenal medulla, pituitary. 

gonads, and nervous system, 176-83 
trophic hormones and Gn<locrino activity, 152, 
156-57 

vitamins and anti-vitamins, 117, 142 
vitamins and other (motors, 139 
iiivenlioii of invention. 963 
iodine 

in biologic oxidation, 1 15 
effect of dietary level in, 178-79 
and homeostatic thyroid hypertrophy, 162 
and thyroid function, 178-79 


Koasoiial rhythm of thyroid <‘onlent, 213 
iron, 1 12-15, 136 
in biologic oxidation, 1 12 14 
content in body, 112 
and cytochrome, 114 
deficiency effects of, 115 
and hemoglobin, 113 
-porphyrine enzymes, 107 
islets of bangerhans, 192, 252 
isotopes, 484 

K 

Katharometer, 344 
ketosis. 193-94 

kidney ami body weight, 589, 625 

L 

lactation 

and bo<ly size, 855-57 
cessation of, 808-10 

endocrine aspects of, 157-61, 168-69, 175-76 
heat increment of, 820-27 
in relation to hormones, 152, 160-61, 187 
effect of mastitis on, 808 
mechanism initiating, 161 
and the ‘let -down” mechanism, 810 
causes of milk fever in, 808 
and the nervous .system, 810 
physico-chemical aspects of, 807 
effect of pressure in secretory alveoli, 808 
effect of stiige of, on milk yield, 811-14, 833-35 
effect of starvation on, 827-30 
synthesis iliiring, 810-11 
lactic achl 

formation of, 101, 104 
in metabolism, 923 
in oxidation, 103 
and oxygen debt, 103 
lactoflavin (see riboflavin) 
lactose, 802, 813, 815 
Lambert’s law of radiation, 275, 362 
land and marine nnimal’s body forms. 578, 585, 587 
laws of the “minimum” and the “maximum” in 
nutrition, 761-62 

least square method of fitting e<|uations, 398-401 
Le Chatelier, principle of. 243 
lecithin. 128. 250 
life ex|>ectancy, 664-65 
light and seasonal rhythms, 206, 208, 210 
linear growth, form, and weight, 576-80, 598-617, 
629-39 
li|K>id8, 250 
liver 

glycogen storage in, 249 
and lK)dy weight, 626 
Lohmann reaction, 104 
longevity 
control of, 676-Sl 
and liiet, 889-98 
and growth rate, 673 
as index of soundness, 664 
and muscular exercise, 682-84 
and neuroendocrine activity, 685-88 
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longeWty, and temperature, 684-85 
and wisdom, 665 
lung 

capacity, 919-20 
and body weight, 627 
L.H.orl.C.S.H., 146, 159 
lysozone (lysozyme), 139 

M 

magnesium, 101, 112, 137 
maintenance, 4, 39-42, 470-83 
and age, 49 
and growth rate, 41-42 
and basal metabolism, 470-71 
and physiological age, 49 
and productive efficiency, 4, 40, 770-73 
standards. 472, 475-82 
and body weight, 41, 470-73 
mammary gland 

mechanisms of growth, 157-58, 160-61 
synthetic powers 
for fat, 816-17 
for lactose, 813, 815 
for protein, 815-16 

for short'chain fatty acids, 26-27, 72, 817, 848 
study methods for, 813-15 
male sex hormones, 155 
manganese, 112, 136 
margarine, 800-1 
mastitis, effect on lactation, 808 
mathematical aspects of research data, 260-62 
menstruation, 157 
metamorphosis, 170 
metabolism, energy 
age changes in, 404-69 
and aging, 667, 669-72, 674-76, 679, 685, 707-9 
and adrenals, 624 
apparatus illustrated 

Benedict-ColUns open-circuit chamber, 350 
Benedict's oxycalorimeter, 345 
Benedict- Ritzman open-circuit, 348 
Benedict-Roth-Collins, 314, 317, 318 
confinement method, 346 
Grafe’s open-circuit chamber, 347 
Haldane, 331-33 
open-circuit, 336-37 
Regnault-Reiset, 326-28 
basal, 59-67 

of mature birds of different species, 371 
definition of, 4, 59, 138, 352 
of growing animals, 371-72 
of mature animals of different species, 368-70, 
388-89 

maintenance cost and efficiency, 4, 470-71 
and neuroendocrines, 359-60 
numerical data for, 388-89 
prediction table for, 397 
and productivity, 470 
as reference base for SDA, 68 
and the surface law, 354, 360, 387 
effect of temperature on, 294 
relation to body weight, 352-403 
of beef cattle, 463, 464, 468 


metabolism, calcium-phosphorus, 188-91 
carbohydrate, 184, 191-94, 964-55 
cerebral, 407-0; and brain aue effect on, 620-23 
of chick embryo, 430-31 
of chickens. 448, 450 

computed from R.Q. and urinary nitrogen meth- 
ods, 311 

of dairy cattle, 409-18, 446-47, 452-63, 461, 462, 
467 

by dimensional analysis, 591 
diurnal rhythms of, 232-40 
fasting, 406 

and fetal weight, 428, 431 
gestation and pre-natal, 427-42 
of goats, 419 
and growth, 60, 485-89 
and hormones, 145, 168 
of horses, 420-25, 454, 465, 464, 466 
interrelations between physiologic functions and, 
355-56 

of man, 424-28, 446, 458-59 

methods of measuring (see biocalorimetry), 307-51 

and milk yield, 856 

nitrogen, 185-86 

post-absorptive (see basal), 352 
protein, 353 , 377, 379 
of rats, 405, 406-9, 451 
resting, 59, 352, 406 
salt, 184-85 

seasonal rhythms in, 22, 226-28 
of sheep, 462, 463, 468 
standard (see basal), 352 
standing vi lying, 423 
summit, 283 , 284 , 289 
and surface area, 405, 407 
of swine, 447, 456-57, 465, 466, 469 
and th>Toids, 172, 624 
and body weight, 404-69, 681-82, 684 
during work, 912 
methane 

in gas analysis, 339-40 
losses, 82-83 

in measuring heat production, 319, 322-23 
production, 24-31, 319, 323 
methionine, 122, 128 
milk, 792-874 
antirachitic value of, 802 
use in bread making, 799 
use in buttermaking, 800 
calcium and phosphate in, 807 
caloric value of, 806 
colostrum, 810-12, 847 
composition, 804, 807 
of average market, 794-96, 798, 801, 846-47 
compared to blood, 807-8 
calcium-phosphorus ratio, 807 
in different .cattle breeds, 805-6, 848-52 
of cheese, 789 
immunological in, 805 

influence of dietary composition on, 807, 817-19 
diurnal rh 3 rthm in, 235, 241 
influence of fasting on, 819-20 
individual, within breed, 806, 849-52 
effect of mastitis on, 808 
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milk composition, calcium-phosphorus ratio, effect 
of milking frequency on, 807-8 
in terms of milk solids, 80G 
and physiologic ago, 804-5 
of fluid skim milk, 789 
of skim milk powder, 789 
effect of stage of lactation on, 811-14 
in different species, 804-7, 847 
of fluid whole milk, 789, 840-47 
of whole milk powder, 789, 799 
constituents, 794-99, 802-4 
market prices of, 788, 801 

synthetic powers of mammary gland for, 807-20 
consumption 
effect on growth, 795-99 
and income, 787, 803 
as an exclusive diet, 804 
fatty acids in, 846 
fever, 189-90, 808 
importance of lactose in, 802 
nutritional and social importance of, 792-94 
and the organismic theory, 799 
0*R potential of, 108-9 
osmotic pressure of, 808 
physical properties of, 794 
production 

as aging index, 079-83 , 680-95 
average in U.S., 853 
biological interrelations in, 792, 848 
and calcium, 189 

capacity (effective body size) factor in, 873 

compared in cows, goats, and rats, 851 

and grain consumption, 92-95 

and TDN consumption, 92-93 

and the law of diminishing increments, 91-95 

economj' and cost of, 793, 853-74 

efficiency 

capacity and intensity factors in, 873 
compared with egg production efficiency, 
53-55, 793, 960 

comparison with growth efficiency, 53-54 
and TDN and grain consumption, 92-96 
equations for, 2, 10, 78-81, 91-96, 827-42 
in goats, cows, and rats, 857 
and basal metabolism, surface area, main- 
tenance cost, 850-57 

and milk production level (law of diminishing 
increments), 5, 91-96 
and physiologic age, 53-55 
tables for estimating, 861-63 
and body weight, 53-54, 471-73, 585, 836-42, 
853-68 

equation for, 78 

hormonal theory of, 157-58, 160-61 

importance of, 792-93 

improvement in, 854 

intensity (dairy merit) factor in, 873 

maintenance cost and “basal metabolism'*, 856 

method of estimating feed consumed for, 843-45 

effect of milking fre<iuency on, 809 

and noiiroondocrino regulation, 252 

and plane of nutrition. 853, 870 

performance, 853-54 

percentage conversion of TDN in, 853-65, 873 


prediction of, 854 

reference bases for, 856-59 

effect of stage of lactation on, 811-14, 833-35 

statistics on, 790-94, 840-52 

effect of temperature on, 295-96 

effect of thyroid medication, 176-76 

and visceral organs, 855 

and body weight, 831, 836-39, 853-56, 859-60, 864 
protein in, biological value of, 779 
rabbit, 158 
ratio to WO ” 404 

relations between protein, fat, and lactase, 869 
souring, reasons for, 794 
“spread” from concentrate of, 799-800 
supplementary value of, 794, 799, 802-4 
vitamins in, 798, 846 

waste of skim milk and whey from, 797, 800 
minerals 
in the body, 780 

in biologic oxidations, 101, 105, 111-16, 781 
mixtures for synthetic diets, 784 
in nutrition, 780-84 
molds, efficiency of growth, 42-43 
molybdenum, 116 
morals, evolution of, 255 
morphogenesis, 2-3, 45, 489 
mortality 

and aging, 684-85, 698, 701-2, 710 
specific, 493, 500, 506 
multicellular organism, 254 
my'xedema, 168, 183 

N 

nervous system 
and the adrenal medulla, 180 
and aging, 699 

homeothermic functions, 288-89 
and lactation, 810 
and the parathyroids, 191 
and the thyroids, 181-83 
Newton’s law of radiation, 275, 354 
neuroendocrines (see endocrincs) 
niacin or nicotinic acid 
formula, 117, 132 

as prosthetic group of coenzymes I and II, 111 
source of, 132, 769, 787-91 
species differences in need for, 121, 769, 771, 786 
nitrogen excretion 
endogenous and exogenous, 352-53 
evaluation of, 353-54 
os function of body weight, 374, 377, 381 
during growth, 442-^7 
historical notes on, 380 
numerical data on, 391, 393 
influence of protein level on, 444 
urinary and fecal, 353 
influence of body weight on, 445 
nitrogen metabolism, effect of cortin on, 185 
nutrients 

categories, 0, 24-38, 741 
cost of, 788, 790-91, 801. 876 
nutrition, 741-91 
amino acids in, 774-80 

condition and weight to height relation in, 636-38 
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nutrition, balance and SDA, 70-72, 758-62 
diminishing increment principle in, 76-99 
minerals in, 780-84 
SDA an<i plane of, 67-70, 80-99 
and the thyroid, 177-79, 771-72 
value of egg, 875-80, 894-95 
value, equations, and "laws” for, 754, 761-62 
value of foods, 753-58 
vitamins in, 762, 69 
wisdom, 254, 744-52 
and work, 924-26 

o 

octofolin, 156 

ontogenetic specialization, 258 

organismic (field) theory, 243-44. 257-62, 799, 961, 972 
organizational energy, 2-4, 45-46 
organizational levels, 245 
organizers, 202-3 

organ weight body weight, 610-28 
"originality” and aging, 678 
osmotic skin moisture, 291, 299 
osmotic pressure of milk, 808 
ovariectomy, 144, 150-51, 164 
ovaries, 141 
ovulation, 157 
oxidases, 108, 138 

oxidation (see biologic oxidations) 
aerobic and anaerobic, 19, 103-4 
of amino acids, 64 , 309 , 778 
-redhetion, internal, 19 

-reduction (0-R) processes and potentials, 104-14, 
137 

of milk, 109 

minerals as catalysts in, 781 
stepwise, 107 
oxycalorimeter, 345 
oxygen 

absorption by blood, 113 
and acid-level regulation, 250-2 
-bell sizes, 313, 315 
capacity of blood, 113, 922 
consumption 

comparison of methods for measuring, 307-351 
maximal, as index of endurance, 928-29 
ratio of maximum to minimum, 913 
in regeneration, 47 
debt, 103,137,922-23 . 930 
as measure of energy expenditure, 38 
pulse per unit weight, 932-37 
utilization, coefficient of, 922 
oxyhemoglobin, 113 

p 

paired rs free-choice feeding methods, 753-58 
palatability as dietary asset, 757 
pancreas, 192 

pantothenic acid, 117, 125, 133 

parabola, derivation from growth equations, 612 

parathormone, 189, 249 

parathyroids 

and calcium regulation, 188-91 


parathyroids, enlargement, 162-53, I89 
in relation to vitamin D, 190 
V8 body weight, 141, 623-24 
parathyroidectomy, 153, 249 
Pasteur effect, 103 

performance as measure of stamina, 027 
perosis, 126 

Pettenkofer calorimeter method, 336 
phosphate, 111, 136 
phosphocreatine, 19, 103-4 
phosphoric acid and oxygen debt, 103 
phosphorus and calcium metabolism, 191, 249 
phosphorylases, 108 
phosphorylation. 111, 137 
photosynthesis, 22, 130 
photoperiodism, 208, 210-11 
phylogenetic specialization, 268 
physical temperature regulation, 264, 282-83 
physical units of wool and feathers, 639-40 
physiological aspects of work, 900 
physiological fuel value, 6, 27, 34, 59 
physiological and physical time, 506 
physique channels, 638 
phytin, 126 
pigeon milk, 158, 202 
pimelic acid and biotin, 126 
pituitary, anterior 
and dwarfism, 194-96, 201 
and gigantism, 194-97; 201 
and growth, 194-201 
and "growth hormone”, 194, 198-99 
and homeothermy, 289 
hormones of, 141, 146, 148-49, 152, 159 
hormone administration of, 194-96. 198-99 
position in the endocrinal order, 201 
position and relative size, 141, 146-48 
relation to adrenal cortex, 187 
relation to other endocrines, 148-52 

relationtomammary growth, 149, 161 

relation to photoperiodism, 210 
relation to sex activity, 146-48, 158-59 
removal of, 197 
and thyroid, 181 
-treated rats, 199 
V8 body weight, 594-95, 628 
pituitary, posterior, 141, 181-82 
placenta, 1 4 1, 437 

plane of nutrition and milk, 853 , 870 
plant hormones, 204-5 
poikilotherms, 264-66, 286 
polyuria, 182 

population, 490-1 . 496, 544-46, 550-54 
age of, 490-91,732 
age of distribution of, 665 
bacterial, 500 
decline in rural, 964-65 
growth of, 484-674 
growth and science, 961-63 
horse, 898 

human, growth of. 501 
insect, growth of, 490-91 
yeast, growth of, 490-91 
poultry, feeding standards for, 889-91, 895-97 



Subject Index 


1019 


pregnancy 
and endocrtnes, 437 
and food consumption, 435-37 
growth>stimuIating effects of, 164 
and muscular activity, 435 
tests for, 141, 159-60 

pregnant-mare serum gonadotropins, 166-68 
prime of life and aging criteria, 698-700 
probability, 260 
productivity 
energy expense of, 10 
hazards of high levels of, 8 « 

in relation to growth, 8 
individual differences in, 8-10 
efiBcienoy and maintenance, 470-71, 473 
-level, 6-10 

effect of temperature on, 204-98 
proenzyme (prosthetic group), 110-11, 138 
profit on productive processes 
and dairy merit, 864-65, 870, 872-73 
and efficiency, 1-2, 853-74, 890 
and topography and climate, 868-69 
and body weight, 855, 865-71, 874 
progesterone 
formula of, 143 
functions of, 161, 163 
production of, 141, 159 
relation to other hormones, 157 
prolactin, 152 
protein 

amino acids in, 776-79 

biological value of, 742, 760-01, 778-80 

digestibility of, 779-80 

in milk, 779, 815-10 

nitrogenous compounds of non-, 309 

nutritive value, equation for, 754 

oxidation of, 64, 309, 778 

R.Q.of,310 

SDA of, 60-70 

supplementary values of, 760 
and urinary nitrogen, 309 
value of foods, 779 
psychodietetics, 254 
pubertal age, 712-40 
puberty, 499 
pulse pressure, 921 
pulse rate, 920 
during standing, 910 
influence of temi>erature on, 281-82 
during work, 931-37 
pyridino-protein enzymes, 107 
pyridoxine (vitamin B#), 124-33 
formula of, 117, 124 

supplementing essential fatty acids, 121 

R 

radiation 
heat loss by, 277 

as homeothermic mechanism, 274-75 
reactions 
coupled, 19 

endothermic, 18 
exothermic, 18 


reactions, fermentation, 19 
oxidation, 18, 19 
oxidation-reduction, 19 
reaction time, effect of aging on, 667, 700 
reality, physical and mathematical, 260-62 
reference base 

for egg production, 482, 892-93 
for functions and structures, 578-663 
for metabolism, 356, 360 
“active mass” as, 363 

physiologically effective body size (\V^) as, 362-63 
surface area as, 356, 360-63 
simple body weight {W>-f) as, 356, 360 
weight */> as, 362 
weight^*’ as, 374, 384 
weight®- as, 373 
for milk production, 856-59 
for physiologic age, 712-40 
for SDA, 64, 68 

for wool and feather production, 618-21, 639-40 
regeneration, Oi consumption in, 47 
rejuvenation by thyroid medication, 175 
relative growth, 607, 575-663 
religion as social homeostatic phenomenon, 257 
reproduction 
and hormones, 154-68 
seasonal rhythms of, 208, 214, 228 
as social homeostatic phenomenon, 254 
effect of temperature on, 298 
research methods, 259-62 
reserve power 
und aging, 607, 699-700 
measure of work capacity, 918-38 
residual air, 919 
respiration rate 

effect of wet blanket on, 299-301 
as pulmonary intensity factor, 919 
effect of temperature on, 280-81 
respiratory quotient (R.Q.), 309-11 
apparent and “true” in cows, 324 
rhythms 
diurnal, 232-42 
seasonal, 206-31 
sunlight, 217-16 
temperature, 216, 223 , 297 
riboflavin (vitamin B:) 
effects of deflciency, 101, 132 
formula of, 117, 123, 132 
need for, 474, 770, 786 
in oxidation, 101 

as prosthetic group in enzymes, 1 10, 124 
sources of, 132, 769, 787-91 
as supplement to thiamine, 121-22 
and vision, 117 

rickets and vitamin D. 118, 135 
risks to life, 700 
royal jelly, 744 
ruminants 

amino acid needs in, 741-44, 762, 775 
bioeynthesis of vitamins and amino acids in, 741- 
44,762 

deficiency diseases in, 743 

efficiency of, as food producers, 741, 790-91, 793 



1020 


Subject Index 


S 

salt 

homeostatic regulation of, 253 
loss and heat cramps, 302 
metabolism, 184-85 
Schneider fitness test, 928, 930 
science 

and mathematics, 260-61 
and population growth, 96I-G3 
scientific management, 898 
scurvy, 134, 763 
seasonal rhythms, 206-31 
of bird migration, 208 
in blood volume, 220 
effect of domestication on, 207, 210, 21 1 
in efficiency of productive processes, 213-16, 220 
in egg production, 215-16, 219-20, 895 
. in food supply, 211-13 
in the ground-hog, 229-30 
and growth of children, 225 
historical notes on, 208-9 
and light, 208, 210 
mechanisms of, 209-10 
and metabolic rhythms, 22, 220-28 
in milk and buttcrfat production, 220-24 
in receptivity to sex hormones, 213-10, 220 
in reproduction, 208 
in sex activity, 206-7, 210-1 1 , 226 
in suicide, 229-30 
in sunlight, 217-18 

in thyroid function and comjKwition, 213-M 
in vitamin A potency of milk, 211 
in vitamin D potency of milk, 211 12 
“second wind”, 929 
selenium, effect on oxidation, lUl 

senescence (see aging) 
equivalence, 720-22, 737-38 
Minot's theory of, 072 
sex 

activity, 146, 148, 158 
cycle control, 150 

endocrinological application of, 162-67 
hormones (see hormones) 
inversion, 150-51 
mortality, differential, 162 
seasonal sex rhythms, 206-7, 210-11, 226 
similarities, geometric va homeostatic, 580 
similitude, theory of, 357, 586 
size and muscular strength, 582 
size and form, 575-663 

equations for, 355, 363-68, 398-401, 599-609, 612-15 
diagrams of, 576-584 
sleep, diurnal rh>'thm of, 233 
social homeostasis, 254-57 
social wisdom, 972 
soda lime as COj absorbent, 313, 315 
specific dynamic action (SDA), 6, 25, 59-75 
agricultural implications of, 72 
effect of diurnal rhythms on the apparent, 233, 240 
of feeding in farm animals, 467-69 
methods of measuring, 60-70 
and nutrient unbalance, 70-72 
and plane of nutrition, 67-70 

reference basea for, 64, 68, 70 

% 


specific dynamic action, and temperature, 65 
in relation to urinary-nitrogen excretion, 67 
species differences 

in dependence on dietary factora, 74M4 
in vitamin needs, 768-71, 786 

speed of biologic processes, influence of temperature 
on, 269-70 
spirogram, 319 
spirometer sizes, 316-16 
split-field method of research, 269 
standard error of estimate, 398-99 
standing » 

energy cost of, 910 
pulse rate during, 910 
ventilation rate during, 910 
Stefan-Boltzmann radiation law, 276, 364 
stilbestrol, 155 

stomach-intestine V9 body weight, 628 
strength of grip and aging, 678 
stroke volume, 920 
sulfa drugs. II7, 122 
as anti-vitamins, 142-43 
as goitrogenic agents, 144 
sulfur, 137 

sulfur, neutral, 353, 383 
as function of body weight, 378 
numerical data on, 396 
prediction table for, 397 
summit metabolism, 283 , 284 , 289 
sunstroke, 301 
superovulation, 166-67 
supplemental air, 919 
supplementary Values 
of butter, 799-800 
of milk, 794-99, 802-4 

supporting muscles, relative size of, 583 
surface area 

formula related to body size, 360-68 
of man, 369 

measurements of, 361-3 

and body weight, 359-60, 367, 681-82, 686, 000 
“surface law” 

formulation, 354-55 

and the geographic distribution of animals, 264 
and the theory of similitude, 357 
surface integrator. 357-58 
survival time, 408-9 
sweat glands, 297-98 
synthetic diets 

effect on growth and reproduction, 765 
Wtamins and minerals for, 765, 781 
systole, 921, 927 
systolic output, 920 

T 

taste thresholds for detecting dietary deficiencies and 
metabolic abnormalities, 263 
technologic unemployment and war, 965 
temperature 
body, 293, 300 

influence on chick embr>*o, 271-74 
and clothing, 303-4 
-coefficients, 267-71 
critical, 279, 283, 294 



Subject Itulex 


1021 


tomporaturo, and diot» 302-3 
diurnal rhythms in body, 216, 223, 234. 237, 297 
and productive efficiency, 294-98, 304 
and oxcrciso, 304 

and feed consumption in dairy cattle, 296 

and fever, 200-1 

and growth of chickens, 297 

and hatohability, 274 

and homoothormy, 305 

and humidity, 302-3 

incubation, 271-73 

and longevity, 684-85 

and methods of cooling in hot weather, 298-1)9 

and milk production, 295-96 

and pulse rate, 281-82 

and productivity, 294-98 

rectal, 265, 280-2, 293-95 

and reproduction, 298 

and respiration rote, 280-81 

and speed of biologic processes, 269-70 

and body surface, 290 

and heat production in dairy cattle, 296 

and heat production in birds, 283, 287-88, 290 

and heat loss, 277-80, 291 

relation to SDA, 65 

and rate in poikilothcrmic processes, 266, 270 
thermodynamics, 12-36 
and agriculture, 20-23 

applicability to living processes, 12-15, 18-20 

aspects of muscular work, 900 

and industrial progress, 966 

first law, 12-14 

second law, 14-23 

symbob, 33 

thermogenesb (see beat production) 
thermogenic reserve, 284-85 
thermolysb (see heat loss) 
thermoneutrality, 283-84, 2S6 
thormoperiodbm, 209 
thiamine (vitamin Bi) 
and alcoholism, 122 
in biologic oxidation, 100 
and Chastok paralysis, 122, 774 
deficiency effects, 100, 119 
formula of, 117, 123, 132 ^ 

function of, 100, 119, 132 
needs, 120, 474, 769, 786 
os prosthetic group of cocarboxyloso, 110, 119 
sources and costs of, 769, 787-91 
and sulfa drugs, 122 
as supplement to riboflavin, 121, 122 
and Wernickeb dboosc, 122, 175 
thyroid 

adminbtration of, 172-76, 183-84 
effect on egg production, 175 
effect on growth and development, 168-78 
effect on milk and butterfat production, 175-70 
and adrenal medulla, 179-81 
applications, 183-84 
and calcium metabolbm, 178, 188 
deficiency effects, 108 
and gonads, 182 
and iodine, 178-79 
and metabolic rate, 172, 289 


and the nervous system, 182-83 
and nutrition, 177-79 
and the pituitary, 181-82 
and rejuvenation, 175 

seasonal rhythms in composition and activity, 
213-14 

and sterility, 174-75 
and body weight, 621-22 
thyroidectomy, effects, 168, 172 
thyroxine 

calorigenic effect of, 179-80 
and goitrogenic drugs, 144 
in hyperthyroi<iism, 179 
in hypothyroidism, 179 
production of, 110 
tidal air, 919 
tim9 

physical, 712 
phj-siological, 712-13, 739 
as frame of reference, 712 

total digestible nutrients (TDN) 6, 30, 32, 34, 475-80 
consumption and milk production, 92-93, 843-45, 
848-52 

percentage conversion into milk, 863-55, 873 
in relation to gross and net energy, 34, 80-89 
trace elements in catalytic oxidation, 116 
transaminases, 108 
trophic hormones, 146 
trophoblosts, 491-92 

u 

uncertainty, principle of, 259 

\inits, bioenergetics and dietary, 23-36, 765-66, 768-71 , 
779. 784, 786-91 
urea, uric acid, 353 
urinary-nitrogen 

in computing energy metabolism, 300-11 
endogenous and exogenous, 353 
and SDA, 67 
urine 

energy losses in, 82-84 
hormones in, 152, 150 

method of collecting in ruts and cattle, 382, 384-86 

V 

vanadium, 116, 137 
van’t Hoff-Arrhenius equation, 718 
vai)orization 
heat of, 307 

heat loss by, 277-81, 291-92 
and environmental temperature, 277-80 
ventilation, pulmonar>*, 409-23, 452-56, 919-20, 929, 
951-53 

in dairy cattle, 415, 452, 453 

in horses, 423, 454-65, 919-20, 929, 951-53 

maximal, as fitness index, 929 

and metabolism, 415, 418 

and oxygon decrement in expired air, 416 

rate, measurement of, 335 

reserve, 930 

during standing, 910 

in swine, 456 

and temperature regulation, 280-82, 415-10, 920-30 
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ventilation, pulmonary, and body weight, 416-17, 
423, 452-56 

as measure of work capacity, 919-20, 929-30 
visceral organs and body weight, 581-98, 621-31, 
642-46 

vision and vitamins, 116-17 
vital capacity, 919 
as aging index, 677 
vitality (or specific mortality) 
and aging, 684-85, 698, 701-2, 710 
vitamins, 132-36, 762-69 
in aging, 691, 764 
and antivitamins, 1 17 

applications and interrelations, 101-2, 109-10, 
121-23, 127, 132-44, 762-74, 786-91 
in biologic oxidations, 109, 116-28 
biosynthesis of, 741-43 
and carcinogens, 144-45 
as catalysts, 109-10 
cholesterol derivatives, 143 
costs of, 788 

defined, 109-11, 116, 132-39 

efficiency of production of, 790-1 

and enzymes, 110, 140-43 

estimations in foods, 767, 768, 787-91 

formulas of, 117, 143 

in growth, 764-66 

in milk, 798, 846 

needs, 473-75, 768-71, 786 

and the neuroendocrine system, 769-74 

sources of, 769, 787-91 

and body weight and metabolic rate, 125, 473-75, 
766-71 

and work, 926 
units, 766 
vitamin A 

and ascorbic acid, 742 
in butter and margarine, 801 
deficiency effects of, 118, 135, 774 
dietary standards for, 770, 786 
formula, 117, 135 

functions of, 116-18, 762-63, 766. 772, 774 
and maintenance, 474, 768 
provitamin A (carotene), 135 
and reproduction, 118 
and vision, 116-18 
and the thyroid, 122, 177-78, 771-72 
vitamin Bi (see thiamine) 
vitamin Bj (see riboflavin) 
vitamin Bs (see pyridoxine) 
vitamin Be, 133-34 

vitamin B complex (bios, growth factors), 119-20, 

. 132-34 

biogenesis in ruminants, 120 
dietary need, estimates and “standards’", 475, 
766-71. 786 

os growth factors, 119 
history of, 1 19 
and homeostasis, 253 
members of, 132-36, 762 
sources of, 119, 769, 787-91 
vitamin C (see ascorbic acid) 
vitamin D, 118. 121, 135 

in calcium and phosphorus metabolism, 118, 135, 

190 


vitamin D, seasonal rhythm in milk, 211-12 
relation to sex hormones, 141, 143 
as supplement to milk, 121 
vitamin D 2 (see calciferol), 135, 143 
vitamin Dj (7-dehydrochole8terol), 135, 143 
vitamin E 

deficiency effect of, 118 
and encephalomalacia, 118 
formula, 117 
functions of, 135-36 
and muscular dystrophy. 1 18 
and reproduction, 118, 135 
vitamin H (see biotin, coenzyme R) 
vitamin K (anti-hemorrhagic factor), II7-I8, 136 
deficiency effects of, 136 
formula of, 117-18 

and prothrombin formation, 118, 136 
vitamin P fseecitrin), 134 

w 

walking, energy cost of, 910-12 
Warburg's enzyme, 108 
water-regulation in the body, 248 
Weber-Fechner law, 76 
weight 

birth and gestation, 427-42, 460 
body 

and basal metabolism, 352-403 
and brain weight, 592, 626 
estimated by chest girth, 634-36. 653-57 
and egg weight, 482 , 891, 893 
egg production efficiency (see egg) 
to height, 629 , 638 
and growth efficiency, 2, 43-68 
lactionally effective, 855-57 
and maintenance cost, 41, 473 
and meat production efficiency, 43-58 
and metabolism during growth, 404-469 
and milk production, 853-66, 859-60, 864 
and milk production efficiency (see milk) 
and organ weight, 581-597, 621-628 
and profit, 855, 865-71, 874 
as reference base for metalwlism, 352-403 
regulation of, 246-47 
and surface area, 264, 367 
and wool weight, 618, 639-40 
Wernicke’s disease, 122, 774 
Wilhelmy’s law, 76 
wool weight, 618, 639-40 
work capacity, measures of, 918-39 
alkaline reserve, 921 
rate of adjustment to work, 930-32 
blood (oxygen and hemoglobin) capacity, 921-22 
circulation rate index, 927 
coronary circulation, 923-24 
effect of drugs on, 926 
energetic efficiency, 902-4, 909-10 
maximal steady-state effort, 929 
fatigue, 918-19 
heart capacity, 920-21, 931 
lactic acid reserve, 922-23 , 930 
limiting factor in, 918 
lung capacity, 919-20, 929 
need for, 899-900 
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work capacity, mcasurce of, nutritional condition 
924-26 

maximal oxygon consumption, 920 

performance to exhaust ion, 927 

pulse proesiiro, 021 

pulse rate, 020 

respiration rate, 019 

rate of recovery from work, 030-32 

ratio of maximum effoA to rest, 916 

ratio of sustained hard work to rest, 015-17 

body-temperature regulation. 924 

tidal air, 919 

tiring speed and lactate accumulation, 031 
ventilation reserve, 030 

vital capacity, 919 , . , 

work, muscular 

apparatus for study of, 901-2, 945-49 
aptitude and prediction tests, 900 
and diminishing increments, 96 
in terms of tlraft, as i>ercentago of body weight, 
906-7 

effect of hormones on, 926 
efficiency of, 7, 0, 37-10, 96. 902 ^ 

alignment charts for estimating, 942-44 
and body size, 39, 910-1 1 
data on, 951-58 

definitions and equations for, To-lli^^-SS, 902 
909-10, 940-43 

effect of gelatin feeding on, 925 

limiting values of, 909 

and the maintenance factor, 908 


work, muscular efficiency f»f, and profit, 918, 944, 
947-51 

rising and declining curve of, 904-5 
effect of 8|>eed on, 38-39, 904-9 
effect of work-rate level on (law of diminishing 
increments), 7, 9. 76-99, 917 
energy exi)cnse of, 009 
and fatigue, 018-19 
fuel in, 924-25 
institutes, 898-99 
metabolism during. 912 
and oxygen supply, 919 
physiologic H8i>ects of, 900 
rate (horsepower, kilowatt), 902 
safety margin ih, 906 
thermodynamic aspects of. 9t)0 
units, 900-1 

vitamin need during, 926 
wound healing, effect of aging on, 675 

X 

xerophthalmia and thyroidectomy, 178 

Y 

yellow enzyme. 125 
yolk sac, 488-90 

z 

zinc, 115, 137 
zygote, 491 
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THE SCIENCE AND ENGINEERING OF NUCLEAR POWER 


exchanges an electron with the medium more than 1000 times, i«e«, the mean- 
free-path for capture and loss is very short. This effect is even more pro- 
nounced in the fission fragments. 

With respect to the ranges of particles of this character in materials 
other than air, the originally empirical Bragg-Kleeman Rule, which now has 
some basis in theory, states that the length L of the path in the medium is 
related to the range R in air as 

8L 

(50) L = \{PJP) \/a/a^ = 3.2 X 10'^ (R/P)^ 


where A = mass number of material, A = mean mass number of air, and p, p are 

EL ^ 

respective densities. Substituting for A^ and it is seen that for alphas 

of 7 Mev. for which R 6 cm of air, the path length in ordinary solids is 

a 

30 to 40 microns. Unlike the case for electrons, the ranges cannot be written 
simply in gm/cm^ for all materials. In addition to pL(gm/cm ), there is a 
variation with ; i.e., pL/ ^ const , Figure 1-30 gives the range energy 
relationship for alpha particles on three separate curves. The solid lines 
are in accord with the theory in which J has been matched by taking known values 
for alpha-ray ranges in air; J turns out to be 98 ev in air. The ranges shown 
are in air-cm at 15°C and 760 mm Hg pressure. 

As seen in Figure 1-29, there is intense ionization along the path of 
the alpha ray. This dense, columnar ionization produces chemical changes in 
many materials and distorts the lattice structure of crystalline solids. For 
example, the luminosity of a radium-bearing watch dial fades within a few 
months because of this effect, not due to the decay of the radium. The fission 
fragments can be expected to be even more damaging. For this reason studies 
of the effects of radiation on materials of construction in nuclear reactors 
are of major engineering importance. 

1-26 Interaction of Fission Particles with Matter 

In general terms, the fission of can be written as 


92 


tt335 

U + n 


•92 


U 


236 


Z^^l + + T?(l-^)n + Q 


where the light and heavy fission fragments will be designated as and Ag 
respectively. The average number of neutrons per fission is 17 , which lies 
somewhere between 2 and 3 (estimated from pr0-1941 literature). A small 
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Figure 1*30 
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